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Abstract
Water scarcity and energy availability present important challenges that need to be
addressed in the coming centuries. In the front of water technologies, desalting brackish water is
of extreme importance for thermal electric power plants, chemical manufacturing plants, and other
industrial operations that treat and reuse their water utilities. Membrane capacitive deionization
(MCDI) is an energy efficient desalination technique that has drawn attention from commercial
entities. Most material research studies on MCDI focus on enhancing electrode performance while
little emphasis is given to rationale design of ion-exchange membranes (IEMs). In this work, the
ionic conductivity, permselectivity, and thickness for three different IEM chemistries
(polyaliphatic, poly (arylene ether), and perfluorinated) were correlated to MCDI performance
attributes. A 5-10-fold reduction in area specific resistance (ASR), with unconventional
perfluorinated and poly (arylene ether) IEMs reduced the energy expended per ion removed in
MCDI by a factor of two, compared to conventional electrodialysis IEMs.

For further

advancement in energy efficiency of operation, ohmic resistance of the spacer channel needs to be
addressed for which, ion-exchange resins bound by a polymeric binder termed resin wafers were
explored. A new class of ion-exchange resin wafers (RWs) fabricated with ion-conductive binders
were developed that exhibit exceptional ionic conductivities - a 3-5-fold improvement over
conventional RWs containing a non-ionic polyethylene binder. Incorporation into a resin-wafer
electrodeionization stack (RW-EDI) resulted in an increased desalination rate and reduced energy
expenditure. Overall, this work demonstrates that ohmic resistances can be substantially curtailed
with ionomer binder RWs at dilute salt concentrations.

ix

With respect to energy, thermally regenerative ammonia flow batteries (TRBs) are an emerging
platform for extracting electrical energy from low-grade waste heat (T < 130 °C). Previous TRB
demonstrations suffered from poor heat to electrical energy conversion efficiency when
benchmarked against state-of-the-art thermoelectric generators. This work reports the highest
power density to date for a TRB (280 W m-2 at 55 °C) with a 5.7× improvement in power density
over conventional designs and thermal efficiency (ηth) values as high as 2.99 % and 37.9 % relative
to the Carnot efficiency (ηth/C). The gains made in TRB performance was ascribed to the zero gap
design and deploying a low-resistant, inexpensive anion exchange membrane (AEM) separator
and implementing a copper ion selective ionomer coating on the copper mesh electrodes. The
improved TRB power density and the use of a low-cost materials represent significant milestones
in low-grade waste heat recovery using electrochemical platforms.

x

Chapter 1. Introduction
1.1 Significance and background
Two of the most pressing challenges facing humanity today are the lack of water resources
available for drinking, agriculture, and energy production and developing and deploying energy
technologies that curtail climate disruption.1,2 Addressing both problems are paramount for a
sustainable planet facing a growing population demanding a higher standard of living. In
particular, proliferation of technologies capable of generating potable water and water adequate
for cultivating agriculture and producing energy will be immediately needed over the next
decade.3,4 Although harvesting large quantities of energy without detriment to the earth’s
atmosphere or environment is perhaps a more important global problem, society contains sufficient
amounts of fossil fuel resources to power the planet for several hundred years. Unlike the vast
reserves of fossil fuels, 0.3% of the water resources available on earth are acceptable for drinking,
agriculture, and energy production. Furthermore, on-going climate disruption has led to more
frequent extreme weather events leading to draughts causing water resources in some geographical
areas to be scarce. Meeting the water challenge head on requires further development of
technologies (or invention of new technologies) capable of desalinating, decontaminating, and
purifying salt-water bodies and wastewater resources with low energy footprint at a reasonable
cost for society.
The intertwined relationship between water and energy has led to the coined term the ‘waterenergy nexus’. Energy production involves water usage, whereas freshwater production requires
energy usage. Due to this interdependency, problems in one sector manifests as problems in the
other as well.1 One of the major source of freshwater withdrawals (40% in the US,1 as of 2014)
are for meeting the cooling requirements in thermoelectric power plants.

Figure 1.1. Water scarcity and abundant availability of seawater and brackish waters as potential
water resources. Source: https://www.worldwildlife.org/threats/water-scarcity,
https://water.usgs.gov/ogw/gwrp/saltwater/salt.html

One approach to meeting the energy requirements of treating cooling water in this sector is to tap
into low-grade waste heat generated in the energy sector, its storage into chemical energy that
can be converted to electrical energy when required.
This Dissertation focuses on addressing ohmic resistances known to hamper the efficiency
of electrochemical unit operations used for clean water production and low-grade waste heat
recovery. The work will show that significant reductions in ohmic resistances through better
conducting materials and thinner solid-state polymer electrolytes can lead to improvements in
energy efficiency of electrochemical platforms used in treating water and harvesting energy.
However, the reduction in ohmic resistances is not necessarily commensurate with improvement
in unit operation efficiency. In addition to deploying low-resistant ion-exchange membranes, the
Dissertation shows the importance of addressing spacer channel resistances by incorporating
porous ionic conductors or implementing zero-gap cell designs. Further, ionomer coatings on
2

electrodes can also play a role in augmenting the performance of electrochemical device platforms
by enhancing reaction kinetics and improving mass transfer of reactants. Hence, new materials
with improved functional properties offer a pathway for better device performance, but gains in
device efficiency can be limited without characterizing how the materials perform in the device
using in-situ diagnostic techniques such as electrochemical impedance spectroscopy. This
Dissertation will investigates the electrochemical properties of ion-exchange membranes, resins,
and coatings. The first chapter presents the limitations of electrochemical deionization and some
of the challenges posed by ohmic resistances followed by introducing electrochemical platforms
for waste heat recovery and the challenges associated with that platform in the context of ohmic
resistances.
1.1.1 Electrochemical unit operations for deionization
From the perspective of saline solutions, the permissible total dissolved salt (TDS) content for
drinking is 500 ppm. Although, health specialists contend that the ideal drinking water should
contain TDS values of 50 ppm or less.5 The ideal water quality required for agriculture (e.g., to
grow salt sensitive crops) is 450 ppm or less.6 Salt tolerant crops can tolerate irrigation water
having conductivity values around 2000 ppm TDS.6
Several technologies are available for desalination and they include reverse osmosis (RO), double
distillation, electrodialysis (ED), electrodeionization (EDI), multistage flash distillation (MSF),
multi-effect distillation (MED),1 and mechanical vapor compression (MVC). RO and MSF
makeup 90% of technologies used in water desalination plants worldwide.5 Membrane based
processes include RO, ED, and EDI and RO has seen greater adoption (86%) in comparison to
ED/EDI (14%).5 Both RO and ED/EDI are mature water treatment technologies with a strong
track record for desalinating seawater (i.e., water with TDS values of 35,000 ppm).7–9
3

a)

b)

c)

d)

Figure 1.2. Current operational desalination technologies, a) Membrane distillation, b)
Electrodialysis, c) Multi-stage flash distillation, d) Reverse osmosis.
Sources: a) https://wdrc.kaust.edu.sa/,b) https://glossary.periodni.com/glossary.php?en=electrodialysis,
c) https://www.researchgate.net/figure/schematic-representation-of-a-solar-powered-multi-stage-flashdesalination-system, d) https://www.advancedwaterinc.com/

The popularity behind the selection of RO for desalinating seawater stems from its modularity and
its high energy efficiency realized through several decades of membrane research and
development. ED, on the other hand, desalinates water using electrical energy rather than
mechanical energy. Because the dissolved ionic species are removed from the feed water in
contrast to the removal of water from the water-ion mixture as in RO, they have the potential to
offer greater feed recovery and better energy efficiency.10,11 EDI works in the same principle as
that of ED, except that the diluent compartment contains a mixed-bed ion-exchange resin bed that
binds the ions of the feed solution while also supplementing the conductivity of the water in the
4

dilute compartment.12 However, for low concentration regime like brackish water streams,
typically found in estuaries or brackish fossil aquifers that contain a lower TDS content (5000 ppm
or less), 13–15 electrochemical methods of separations like CDI/ MCDI have shown to more robust,
cost-effective16 and energy-efficient.17,18
Capacitive deionization (CDI) and membrane capacitive deionization (MCDI – a variant
of CDI) are electrochemical energy efficient desalination process capable of desalinating seawater
and brackish water. In particular, MCDI is a low-energy input technology for purifying water from
saline bodies at the lower end of the salinity regime in brackish water. For example, MCDI has
shown an overall energy consumption of 0.26 kWh m-3 for 10 mM reduction in salinity (when
energy recovery is factored in) which is lower than the energy consumed during a commercial RO
process plant, 2.9-3.7 kWh/m3.5 Hence, MCDI is an attractive desalination technology with a low
energy footprint. Both CDI and MCDI function by application of an electric field gradient across
an aqueous solution flowing pass oppositely charged porous electrodes that adsorb dissolved salts
– i.e., anions and cations. The difference between CDI and MCDI is that the former does not
contain ion-exchange membranes while the latter does. MCDI is found to be more charge efficient
due to the selective nature of the IEMs, prevents energy loss due to co-ion adsorption. The IEMs
play a pivot role as ion-selective layers improving charge efficiency of the ion adsorption process
onto the porous electrodes.14,19
MCDI is an upcoming technology, and opportunities exist to improve the performance and
energy efficiency through materials innovation. Numerous reports and research groups have
focused on new electrode materials to boost the performance of CDI and MCDI, but less headway
has been made with regard to ion-exchange membrane materials or spacer channel materials which
account for the highest proportion of resistance in the cell, geared towards MCDI. Hence, there is
5

an immediate need for more membrane and spacer channel related research aimed at MCDI, since
they contribute to the highest resistance within the MCDI cell. High performance materials for
IEMs and spacer channel enable improvement in the desalination performance and reduce energy
losses that stem from ohmic resistances from these components, in addition to continued research
in different electrode designs - for instance graphitic carbon, carbon sponges, flowable carbon
electrodes, carbon nano tube based electrodes etc., to improve upon this technology.
In an attempt to explore alternative spacer material which is ion-conductive in nature,
established solutions for spacer channel resistance problem were examined which occurs in a
similar electrochemical based separation process, electrodialysis. The current inefficiencies arising
from dilute feed concentrations in ED, due to the high resistance in the feed (or diluate) chamber,
were addressed by using ion-exchange resins in the feed compartment in the format of a wafer
where ion-exchange resin beads were held together by a polymeric binder like polyethylene. The
resin wafer (RW) as a porous medium in the feed compartment aids ion-transport towards the
corresponding ion-exchange membranes.20 RW-EDI, which is a modification to an ED/EDI
configuration, features a RW in its standard design.20
1.1.2 Electrochemical devices for waste heat recovery
Low grade waste heat (temperature < 130 °C), is an untapped energy resource, which is generated
in considerable amounts from industrial facilities, thermal power plants, solar and geothermal
sources. It approximately equates to half of the present energy demand (2.9×1013 kWh in 2013) in
the United States (US)21 and a bulk of this waste heat is not recovered. Harvesting of low-grade
waste heat into electrical power has drawn popularity due to its vast potential and availability at
locations where electrical power is needed. A thermal-electrical energy conversion technology
which has made most headway in harvesting low-grade waste heat, is based upon solid-state
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thermoelectric generators (TEGs) that uses p- and n-type semiconductor materials. However, this
technology lacks economic feasibility for large scale productions due to its high costs and lack of
capacity for energy storage.22,23 Furthermore, the brittle nature of solid-state TEGs due to their
usage of semiconductor materials and non-modularity of this technology makes them unattractive
for large-scale waste heat recovery and energy storage24,25. Liquid-based thermally regenerative
batteries (TRBs) offer an alternative approach for thermal energy conversion, which is potentially
cheaper and scalable26,27 over TEGs. Furthermore, TRBs have energy storage capabilities upon
conversion from waste heat while TEGs do not. Typically, in TRBs, different redox couples, such
as metal ions complexed with amines (e.g., [Cu(NH3)42+/Cu and Cu(II)/Cu]), are used to directly
produce a cell voltage between two electrodes. There has been a substantial progress recently, in
the development of TRBs. Some notable examples include: i) copper-ammonia (Cu-NH3) redox
chemistries; ii.) bimetallic type redox couple based on Cu(II)/Cu and zinc-ammonia
(Zn(NH3)42+/Zn)27 and iii.) Cu-ethylenediamine.28 However, only marginal improvement have
been made by these TRB systems in terms of the power density and thermal-electrical conversion
efficiencies.
a)

b)

Figure 1.3. Current waste heat harvesting technologies- a) Thermal electric generators,29 b)
Thermo-electrochemical cells, aqueous ferri/ferrocyanide redox couple (Fe(CN)63−/Fe(CN)64−).30
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1.2 Ion-exchange materials
The ion-exchange process is reversible and stoichiometric in nature, in which one species displaces
another ionic species in the medium. The exchanger usually constitutes an open network structure,
made of either organic or inorganic materials, that transports the ions and allows it to pass through
it.31 Ion-exchange process is one of the most commonly employed techniques for water treatment
and separations in sectors such as – food processing, synthesis of chemicals, pharmaceuticals
manufacture, mining, agriculture etc.32,33 The most earliest application of ion-exchange has been
observed for water softening and water demineralization processes for industrial usage. It was also
used for recovery of certain species from effluent streams before they were discarded or
recirculated.34 This process occurs mainly through the utilization of a synthetic material, called ion
exchangers, which acts as a sorbent, to adsorb the desired ions.35 Traditionally used ion-exchangers
are in the format of ion-exchange membranes, ion-exchange resins and ionomer binders in
separations and energy applications. The advantages of adopting an ion exchange method is the
simplicity of equipment, easy operation, versatility of applications, ability to tailor the material
according to the application required. They have been taken advantage for their properties of ionic
conductivity and ionic selectivity in batteries,36–38 in separation processes,13,39 as an ion-conductive
binder for electrically conductive electrodes in fuel cell membrane electrode assemblies
(MEAs).40,41 This Dissertation explores the applications of polymeric ion-exchangers in the format
of ion-exchange membranes, resins and ionomer binders made from organic materials for
electrochemical based separation processes - membrane capacitive deionization (MCDI) and resinwafer electrodeionization (RW-EDI) and in the field of energy storage, in thermally regenerative
copper-ammonia flow batteries (TRB). It reports a detailed study of the influence of ion-exchange
materials’ ionic conductivity on the energy-efficiency of the said electrochemical applications.

8

1.2.1 Polymeric ion-exchange membranes
Commercial application of ion-exchange membranes emerged in the beginning due to its role in
saline water desalination, and now has found broader application in various industrial processes,
like wastewater treatment, drinking water treatment, organic acid removal etc., and energy storage
and conversion.42 Ion exchange membranes (IEMs) for aqueous applications are predominantly
polymeric materials containing tethered ionic groups to the polymer backbone.12,43,44 The tethered
ionic moiety has an oppositely charged counterion to satisfy iso-neutrality conditions. IEMs can
be generally classified into cation exchange membranes (CEMs) and anion exchange membranes
(AEMs). Membranes with tethered negatively charged (e.g., sulfonate) groups are designated
CEMs. Conversely, tethered positively charged (e.g., quaternary ammoniums) groups are defined
as AEMs. These membranes, owing to their high electrical conductivity and ability to selectively
permeate certain ions, while maintaining optimal desired properties such as mechanical stability,
hydrophilicity, thermal stability etc. are of high potential to serve as separators and ionic
conductors. The role of IEMs in electrochemical based separation processes like ED, EDI, RWEDI and CDI/MCDI is dependent upon the application requirements and basic principle of
operation. For example, in MCDI, the polymeric IEMs are incorporated within the cell to prevent
co-ion adsorption to the electrodes, improving the charge efficiency of the process by 49.2% 13,14,19
over CDI. The ion-exchange membranes are typically 90 to 100% selective and also assist in a
faster rate of ion desorption during discharge. During desorption, there also lies a tendency for
ions to move to the oppositely charged electrode instead of exiting through the concentrated brine
stream. However, the presence of the oppositely charged ion-exchange membranes positioned in
front of the electrodes reject the ions into the concentrated brine stream through Donnan exclusion.
Thereby, the discharge process in MCDI avoids instances of incomplete electrode regeneration
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and reduction of adsorption capacity of electrodes that leads to a gradual loss in device Faradaic
efficiency. Additionally, the presence of membranes prevents any direct contact of the feed water
with the electrodes eliminating the potential for electrode scaling. In summary, MCDI drastically
minimizes co-ion adsorption on the electrodes providing greater utilization of the electrical current
for separating ions from saline bodies.
On the contrary, in RW-EDI, the alternating series of AEM and CEM in the stack serve as
separators of the diluted stream and concentrate stream, by accepting or rejecting the ions in the
compartment.20,45 These membranes require adequate mechanical strength to serve as separators
in comparison to the ion-exchange layers required in MCDI. However, optimization of membrane
conductivity only offers marginal improvements in energy efficiency of EDI operation, as the
spacer channel resistance increases ohmic losses in the EDI setup.
Ion-exchange membranes are recently being used in batteries for medium and large scale
energy storage applications, particularly for redox-flow batteries.33 The membrane which
functions as a separator is a vital component in these energy storage systems responsible for battery
performance and determines the economic viability of the system.36,46 The TRB system utilizes an
AEM in a which separates the anodic and cathodic compartments in the cell, preventing crossover
of active cationic redox species thereby mitigating self-discharge of the battery.47,48 The anionselective nature of the AEM permits only anion conduction (which is the nitrate and hydroxide
ions) between the electrolyte chambers to balance the internal charge transfer between the
electrolyte chambers. The primary role of the AEM is to minimize self-discharge in the battery by
inhibiting cation transfer such as the ammonium ion and the copper (II) amine complex from the
anolyte to the catholyte. The transfer of hydroxide ions from the anolyte chamber which is alkaline
in pH (pH~10) to the catholyte chamber which is acidic (pH~2.6) favors the conversion of
10

ammonium to ammonia, shifting the acid-base equilibria. This implies undesirable consumption
of chemicals, instead of electrochemical consumption of the copper, affecting the functioning of
the TRB. Previous reports have shown that the electrical energy production in the TRB gets limited
due to substantial self-discharge while using commercially available AEMs like SelemionTM.47,49,50
Consequently, there is a requirement to explore better performing AEM materials that exhibits
high ionic conductivity and prevents battery self-discharge.
1.2.2 Resins/resin wafers
Resin wafers (RWs) are porous materials in which ion-exchange resin particles are immobilized
in a wafer format. The RW constitutes a mixture of CER and AER bound by a thermoplastic
polymer binder like polyethylene (PE) where the ion-exchange resin beads function to supplement
ionic conductivity across the RW, while the PE binder holds the resin beads stationary. These were
developed by Argonne National Laboratory

39

as spacer materials for EDI by the substitution of

the packed bed compartment of loose ion-exchange resin particles which is traditionally used in
an EDI setup. The presence of these resins augments the ionic conductivity of the diluate chamber
of EDI. As a result, it lowers the ohmic resistances in the feed compartment, making the EDI stack
more thermodynamically efficient for ion removal in the more challenging dilute concentration
regime. However, the utilization of loose resin beads fosters inconsistent process performance,
stack leakage, and disruption of bulk liquid flow. Moreover, the loose particle bed in EDI requires
routine maintenance.18,39,51 Hence, RWs were developed and the modified EDI stack named as
RW-EDI demonstrated significant advantages over conventional EDI in terms of the rate of
removal of ions from liquids, energy efficiency, and process stability and consistency.39,52 To this
present date, no significant material innovation has occurred for RW materials. Although the RW
has exhibited successfully in ameliorating the ionic conductivity of the diluate liquid compartment
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and facilitating ion removal by ion-exchange, 39 the presence of the non-conductive binder in the
RW limits energy efficiency gains in EDI.53 The non-conductive binder impedes pathways for ionexchange and ion transport between the liquid and resin beads leading to larger ohmic resistances
in the diluate compartment that compromises EDI energy efficiency. To obtain optimal
performance of the resin wafers, an ion-conductive substitute for polyethylene was explored that
enhances the ionic conductivity and ion-transport performance of the material. From initial studies,
these ionomer binders maintain the porosity and desirable mechanical integrity of the wafers.
However, long-term stability studies are essential to determine their performance longevity. The
minor drawbacks of ion-exchange materials in separation processes is that ion-exchange
membranes and resins can be costly and they have stability concerns (e.g., fouling) that
compromises the cells longevity and the resins and membranes themselves offer an additional
electrical and flow resistance term to the cell. In other words, cell lifetime is often dictated by the
lifetime of these ion-exchange materials
1.2.3 Bipolar junctions
For RW-EDI, the role of ion-exchange resins, besides the function of augmenting the ionic
conductivity of the diluate compartment in RW-EDI, is to self-regenerate via water splitting at the
bipolar junction sites in the RW. These bipolar junctions are formed at the interface where the
AERs come into contact with CERs. The tethered, oppositely charge ionic moieties at this interface
lead to an abrupt p-n type junction that splits water under an applied electric field.54–58 The electric
field drives water-dissociation forming hydronium (H3O+) and hydroxide (OH-) ion that carry the
current flow in the unit, under dilute conditions. From a theoretical perspective, ineffective watersplitting in the ion-exchange resins may hinder deionization and current efficiency of EDI and a
non-conductive binder like PE would not only derail the ionic conductivity of the RW but would
12

also jeopardize the population of bipolar junction regions needed for water-splitting. Hence, ionconductive binders as replacement would not only improve the overall ionic conductivity of the
wafer material but also produce larger number of effective bipolar junction sites within the
material, facilitating efficient water splitting.
1.2.4 Electrode coatings/thin film ionomers
Ionomer materials or ion-conductive polymers have been extensively utilized in electrochemical
devices that employ solid-electrolytes for energy conversion and separations such as polymerelectrolyte fuel cells, alkaline fuel cells, redox flow batteries and electrolyzers. These ionomers as
coating on electrode surfaces facilitate selective transport of ions and/or fluids. The desirable
properties of the thin film coating are dependent upon their function in an application. For example,
in fuel cells, ionomers as thin films to promote transport of ionic and gaseous species to the
catalyst. Due to their confined thicknesses (<100 nm) in a heterogeneous electrode structure,
properties of ionomer are substantially different from the bulk (membrane) and influenced by ionic
and interfacial interactions. Subsequently, the chemistry of these ionomers influences the kinetics
of the electrode reaction and device performance thereof.
Notably, TRABs are known to suffer from poor Faradaic efficiency due to parasitic site
reactions that involve Cu oxidation with hydroxide ions and oxygen species.48 As a result, the
reported anodic Faradaic efficiencies for the cell are typically less than 40%. Herein, it was initially
hypothesized that cation selective ionomer coating on the Cu mesh electrodes may mitigate
interaction of hydroxide anions and dissolved oxygen during Cu oxidation.
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1.3 Electrochemical platforms where ohmic resistances are addressed
1.3.1 MCDI
A MCDI cell consists of two porous, electron conducting electrodes where each electrode is
sandwiched between a current collector and an ion-exchange membrane. The current collectors
are the outer layers while the oppositely charged ion-exchange membranes face each other in the
MCDI cell. A spacer unit, typically made of a thin dielectric material on the order of 100 μm thick,
separates the ion-exchange membranes so liquid solution can flow through the cell and also
prevents electrode shorting. The MCDI cell contains machined inlet(s) that delivers the salt water
into the spacer channel and an outlet that allows the water to exit the cell. The current collectors
in the MCDI are connected to an electrical power control source (e.g., a potentiostat/galvanostat)
to apply electrical potential or a constant current during cell operation. The product stream
emanating from the MCDI module is analyzed using an in-line conductivity probe and pH probe.
Figure 1.4 provides a schematic of MCDI operation.

Figure 1.4. Schematic of membrane capacitive deionization cell design
During MCDI operation, a constant voltage or constant current is applied on the current collectors
which drives cations and anions towards the respective oppositely charged electrodes through ionselective membranes and are stored in the electrochemical double layer of the porous electrodes.
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A typical electrical potential difference applied ranges from 0.8V-1.2V. The upper potential value
is set to minimize or mitigate faradaic reactions such as carbon oxidation, water electrolysis etc.4,13
Faradaic reactions, reduce desalination efficiency of the system as the electron are used to drive
the faradaic reaction instead of salt removal. Once the electrodes become saturated with ions in
the electrochemical double layer during the charging step, the polarity of the electrodes are
reversed in order to desorb the ions and release them back into solution leading to a concentrated
brine that emanates from the cell during the discharge step. During this discharge step, part of the
electrical energy used for the charging step can be recovered and can be applied subsequently (e.g,
by storage in an adjacent battery) to remove salt from the feed solution. The energy recovery steps
uniquely position MCDI to be an attractive, low energy footprint water desalination technology
that is not only capable of producing potable water but also water quality acceptable for industrial
applications that include energy production, agricultural requirements, pharmaceutical and
semiconductor manufacturing.
1.3.2 RW-EDI
A conventional RW-EDI stack is similar to that of an EDI stack because both devices utilize
the same basic structure consisting of two electrodes that are separated by a stack of alternating
liquid compartments, which are partitioned by alternating cation and anion exchange membranes
and the diluate feed stream packed with ion-exchange resins (in wafer format for RW-EDI and
loose resin beads in EDI). Bipolar membranes are installed at the ends close to the electrodes,
which isolate the electrode rinse solution from the process fluid.52 The operation process involves
the application of an electric field which drives the transport of ions towards their respective,
oppositely-charged electrode, while circulating the concentrate and feed streams continuously
through their respective compartments in the stack. Consequently, ionic species are continuously
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removed from the diluate/ the feed stream chamber and transferred into the adjacent concentrate
chambers. Figure 1.5a- 1.5b shows the schematic of a RW-EDI stack and a resin wafer
respectively.
a)

b)

Figure 1.5. a) Schematic representation of a RW-EDI single cell setup; b) Schematic of a mixed
resin wafer with anion-exchange resins (green) and cation-exchange resins (blue) held by a binder
(yellow).
RW-EDI differs from ED because its traditional design features a resin wafer constituting
cation-exchange and anion-exchange resin particles held together by a polymeric binder like
polyethylene in the diluate liquid chamber.20 The resins in the wafer augment the ionic
conductivity of dilute aqueous solutions in the diluate chamber of EDI. Its modular design and
flexible operating parameters (e.g., adjustment of the cell’s operating voltage or current) make it
uniquely versatile to carry-out a wide-range of ionic separations for various applications. The
incorporation of a resin wafer in place of loose ion-exchange resin beads, ensures consistent
process performance and stability Additionally, due to the ease of handling these wafers, they
require less maintenance.18,39,51
1.3.3 TRBs
TRBs were developed as a new approach for harvesting waste heat and conversion into electricity
based on the oxidation and reduction of electrodes. A chemical potential difference between two
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electrodes is induced by addition of a ligand to one electrolyte that forms a metal-ammine complex
with it. The anode undergoes oxidative dissolution as this potential gets discharged and the cathode
undergoes reduction and deposition of the metal. Post discharge, the ligand from the anolyte side
can be separated using distillation and added onto the other electrode for the next discharge
cycle.47,48,50
The ammonia-copper redox flow batteries, a type of TRB, designated as Thermallyregenerative ammonia flow batteries (TRABs), developed as a relatively new approach for lowgrade waste heat energy recovery.26,28,29,47,48,59,60 The TRB combined with a distillation unit,
transforms low-grade waste heat to chemical energy in the form of concentrated ammonia and
stores it, making available for discharge as electrical energy when required. Both electrodes of the
TRAB are composed of inexpensive copper (Cu) meshes, immersed in aqueous copper nitrate salt
solutions separated by an anion exchange membrane (AEM). Ammonia (NH3), added as the ligand
into the anolyte, results in generation of a potential difference between the Cu electrodes. During
discharging, the Cu anode gets oxidized and undergoes dissolution, forming a Cu2+ amine
complex, while Cu2+ gets reduced and deposited on the cathode. Post discharge, NH3 is distilled
using low-grade waste heat and is transferred to the compartment (previously the catholyte) that
did not contain NH3. Hence, the labeling of the chambers are switched. Subsequently, the Cu2+ in
the catholyte (previous anolyte) gets redeposited onto the electrode, while the copper in the anolyte
(previous catholyte) gets oxidized. The regenerative dissolution/deposition cycle of the electrodes
prevents the Cu electrodes from being sacrificial, and allows storage of low-grade waste heat
energy using NH3 solutions. A schematic of a typical TRAB setup is shown in Figure 1.6.
The output power density and the thermal-electrical conversion efficiencies are the
performance parameters for the basis of evaluation of the TRAB. Few of the issues that hinders
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the performance of TRAB are: i.) low thermal to electrical conversion efficiency; ii) poor anodic
Faradaic efficiency due to parasitic reactions; and iii) the instability of electrodes over multiple
cycles, due to lack of balance of gain and loss of copper on the electrodes.

Figure 1.6. Schematic representation of a copper-ammonia based thermally regenerative flow
battery setup with an integrated distillation unit.

1.4 Conclusions
Ion-exchange materials play an important role in electrochemical based separation processes and
design of thermo-electrochemical cells for waste heat recovery. Their favorable properties like
ionic conductivity, permselectivity (selective uptake of ions) etc. provide plethora of opportunities
in tailoring them in the format of membranes, adhesives or ionomer binders, and electrode coatings
for specific electrochemical applications. This chapter elucidated the significance of ion-exchange
materials and the role they play as ion-exchange membranes in MCDI, ionomer binders in resin
wafers for RW-EDI and ionomer electrode coatings and AEMs in TRABs. The challenges
associated with improving device performance by lowering ohmic overpotential of components in
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electrochemical based separation techniques and waste heat recovery devices can be done by
application of high-performance ion-conductive materials. Hence, there is a need for a materialsbased research and development is pivotal for further improvements in device performance.
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Chapter 2. Theory
2.1 Research objective
The goal of this dissertation is to provide a detailed investigation on the application of
selective ion-exchange materials with low area specific resistance and their influence in addressing
ohmic overpotentials in electrochemical based desalination processes like membrane capacitive
deionization and resin-wafer electrodeionization as well as waste heat recovery technologies like
TRABs. These ion-exchange materials were synthesized by performing functionalization reactions
on commercially available polymers and transformed into membranes, ionomer binders and
coatings. Their properties were measured and correlated to device performance for separations
(desalination) in 2 electrochemical platforms: i.) ion-exchange membranes in MCDI and ionomer
binder resin wafers in RW-EDI and ii.) thermoelectrochemical cells featuring AEM and cationexchange coated electrodes in TRABs.
The specific objective for each electrochemical system is stated as follows:
Objective 1: Exploring alternative ion-exchange membranes that are thinner and highly conductive
to reduce ohmic overpotential contributions in MCDI and TRABs
Objective 2: Fabricating ion-conductive binders for designing resin wafers with enhanced iontransport properties as spacer materials for deionization in MCDI and EDI
Objective 3: Deploying a zero-gap design and cation-exchange coated electrodes, coupled with a
low resistant AEM to advance high power density TRABs
2.2 Significance of ionic conductivity in electrochemical devices
Ion-exchange membranes are vital material components for a plethora of electrochemical
applications in energy storage and conversion (e.g., fuel cells, water electrolysis, redox flow
batteries) and water desalination (e.g., electrodialysis). These membranes, owing to their high ionic
conductivity, electron insulation, and ability to selectively permeate certain ions, while
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maintaining optimal desired properties such as mechanical stability, hydrophilicity, thermal
stability etc. are of high potential to serve as separators and/or electrolytes for electrochemical
cells. Like all processes, concerted efforts are being made to optimize their efficiency in the
domains of conductivity, permselectivity, better mechanical and chemical properties etc. To do so,
it is essential for the fundamental understanding of chemical and physical nature of ion exchange
materials and their interaction with the external solution. Further, it is important to identify the
parameters that are decisive in the transport of solute and solvent molecules through the materials.
An important parameter of ion-conductive materials is their ionic conductivity, as this in turn
impacts ohmic overpotentials and device energy efficiency.
The polarization (i.e., steady-state current – voltage relationship) of any electrochemical
device that compromises energy efficiency arises from overpotential sources that deviate the cell
from the equilibrium potential. These overpotential sources include the surface overpotential, the
ohmic overpotential and the concentration overpotential. The surface overpotential refers to the
dissipative losses that arises due to the activation barrier resistances for the electrochemical
reaction. The ohmic overpotential entails resistance to ionic or electronic current. The
concentration overpotential term accounts for the potential difference caused due to the
concentration gradients in the electrodes and supporting electrolyte.
𝐸(𝑖) = 𝐸 𝑜 + 𝜂𝑠,𝑎 (𝑖) − 𝜂𝑠,𝑐 (𝑖) + 𝜂𝑐,𝑎 (𝑖) − 𝜂𝑐,𝑐 (𝑖) + 𝜂𝑜ℎ𝑚 (𝑖)

<2.1>

Where E denotes the overall cell potential, Eo denotes the standard cell potential, ηs,a
denotes the surface overpotential from the anode side and the ηsc denotes the contribution from the
cathode, ηc,a denotes the concentration overpotential from the anode side and ηc,c is the cathode
side contribution. ηohm is the ohmic overpotential. E and the ηi values are a function of the current
values in the cell.
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For an electrodeionization based separation techniques like MCDI or RW-EDI, the ohmic
overpotential dominates device performance. For instance, there are no formal charge-transfer
reactions in MCDI and the current is operated at low values and thus limiting currents are not
present. The ohmic overpotential can be described by equation 2.2 which is analogous to ohm’s
law (V = I∙R).
𝜂𝑜ℎ𝑚 = 𝑖 ∙ 𝐴𝑆𝑅

<2.2>

The area specific resistance (ASR) is the thickness of the electrolyte divided by the conductivity.
𝐴𝑆𝑅 =

𝑑

<2.3>

𝜅

Reducing the ohmic overpotential term can be achieved by lowering the ASR. Decreasing
the ASR is possible through a reduction in the thickness of the electrolyte and/or improving the
ionic conductivity through the electrolyte. The ionic conductivity in electrolytes (liquid/solid –
also sometimes referred to as the electical conductivity of the electrolyte despite it being electron
insulating) occurs by the transport of ions, unlike electrons in metal conductors.
For any electrolyte, the electrical current passing through it under the influence of an
electrical potential gradient, is proportional to the concentration of ions in the solution, the
stoichiometric coefficients for the ions, valence of the ions and its ionic mobility in the medium.
The net flux of species from Faraday’s laws of electrolysis can be represented as:
𝑖 = ∑𝑖 𝑧𝑖 𝐹𝑁𝑖

<2.4>

Where Ni is the molar flux, 𝑁𝑖 = 𝐽𝑖 + 𝐶𝑖 𝑣𝑖 , Ji denotes the diffusive flux term, and Ciνi denotes the
convective flux term.
The general form for any diffusive flux can be represented as:
𝐽𝑖 = ∑𝑘 𝐿𝑖𝑘 𝑋𝑘

<2.5>

Where Ji denotes the flux, Lik is the constant of proportionality, Xk denotes the driving force.
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For Fick’s first law, 𝐽𝑖 = 𝐷𝑖 𝐶𝑖 𝑑𝑖 , where the driving force di, chemical potential gradient or the
electrochemical potential gradient.
𝜂𝑖 = 𝜇𝑖 + 𝑧𝑖 𝐹𝜑

<2.6>

Where μi is the chemical potential gradient.
𝜇𝑖 = 𝜇𝑖𝑜 + 𝑅𝑇𝑙𝑛𝑎𝑖 = 𝜇𝑖𝑜 + 𝑅𝑇𝑙𝑛𝛶𝑖 𝐶𝑖

<2.7>

Assuming transport in the x- direction alone and no bulk fluid flow/convection (i.e., Ni= Ji)
1

𝑑𝜂

𝑑𝑙𝑛𝛶𝑖

𝐽𝑖,𝑥 = 𝐷𝑖 𝐶𝑖 (𝑅𝑇 . 𝑑𝑥𝑖 )= 𝐷𝑖 𝐶𝑖 [(

𝑑𝐶𝑖

+

1

𝑑𝐶

) 𝑖+
𝐶 𝑑𝑥
𝑖

𝑧𝑖 𝐹 𝑑𝜑
𝑅𝑇 𝑑𝑥

]

<2.8>

Assuming solution ideality, and substituting equation 2.8 in 2.4,
𝑖 𝑥 = 𝐹 2 ∑𝑖

𝑧𝑖2 𝐷𝑖 𝐶𝑖
𝑅𝑇

𝑅𝑇 𝑑𝐶𝑖

[𝑧 𝐹𝐶
𝑖

𝑖 𝑑𝑥

𝑑𝜑

+ 𝑑𝑥 ]

1

Hence, conductivity 𝜅 = 𝑅 = 𝐹 2 ∑𝑖

<2.9>
𝑧𝑖2 𝐷𝑖 𝐶𝑖

<2.10>

𝑅𝑇

In order to understand the ion-transport mechanism within these solid electrolytes, three
established ion-transport models are discussed in the next sections: i.) Nernst-Planck model, ii.)
Stefan-Maxwell model, and iii.) the Dusty-fluid model.
2.2.1 Nernst-Planck’s model
The Nernst Planck relation is useful in determining the transport mechanism in ionexchange materials. It is applicable for ideal solutions and based on the assumption that cations
and anions migrate independently in the solution and membrane matrix.44 Ion-transport dictates
the feasibility of the ion mobility across the membranes which translates into device energy
efficiency. The two factors that would govern ion mobility would be kinetic and thermodynamic
which would signify the driving forces in order to overcome the resistance to ionic mobility across
the membrane.12 In order to establish a relation between the thermodynamic and kinetic parameters
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that would describe the ionic mobility in an ion-exchange membrane, an extended version of the
Nernst-Planck equation is used.
𝜂𝑖 = 𝜇𝑖 + 𝑧𝑖 𝐹𝜑 = 𝜇𝑖𝑜 + 𝑉𝑖 𝑝 + 𝑅𝑇𝑙𝑛𝑎𝑖 + 𝑧𝑖 𝐹𝜑

<2.11>

where η gives the electrochemical potential, μ is the chemical potential, V is the partial molar
volume, p is the hydrostatic pressure, z is the valence, F is the Faraday constant, R is the gas
constant and T is the absolute temperature, where i refers to the component and o to the standard
state.
The electrochemical potential gradient which is the major driving force for motion of ions through
the ion-exchange membranes. The three modes of mass transport that are considered in the
extended Nernst-Planck equation. They include diffusion, migration and convection. For MCDI,
migration and diffusion are the dominant modes of transport during deionization (i.e., removal of
ions perpendicular to the fluid flow).
2.2.2 Stefan-Maxwell’s model
The drawback of the Nernst–Planck approach is that it assumes the solution to be ideal and
disregards contribution of ion-ion interactions. However, the model developed by Maxwell–Stefan
includes the interaction of different components and the non-ideal nature of the solution is taken
into consideration, besides water-transport via solvent-ion interactions.12,44,61
The Stefan-Maxwell approach for ionic transport is based on the assumption that the driving forces
acting on an ionic component i, which is in constant flux is equal to the sum of the friction forces
between the ion ‘i’ and the rest of the components in the system.62
𝐶𝑇𝑜𝑡𝑎𝑙 𝑋𝑖 (𝑅𝑇

𝑑𝑙𝑛𝑎𝑖
𝑑𝑥

𝑑𝜑

𝑅𝑇

+ 𝑧𝑖 𝐹 𝑑𝑥 ) = ∑𝑗 𝐷 (𝑋𝑖 𝑁𝑗 − 𝑋𝑗 𝑁𝑖 )
𝑖𝑗
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<2.12>

Where X denotes the mole fraction, C is the concentration, a denotes the activity, z denotes the
valence, F is the Faraday’s constant, φ denotes the electrical potential, R is the universal gas
constant, T denotes the temperature, D denotes the Stefan-Maxwell diffusion coefficient and N
denotes the molar flux of the species. Subscripts i and j refer to the individual components (ions/
solvent molecules). This generalized equation 2.12 can be written in terms of concentration, as
depicted in equation 2.13.
𝑑𝐶𝑖
𝑑𝑥

+

𝑧𝑖 𝐶𝑖 𝐹 𝑑𝜑
𝑅𝑇 𝑑𝑥

= ∑𝑗≠𝑖 𝐶

1

𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑗

(𝐶𝑖 𝑁𝑗 − 𝐶𝑗 𝑁𝑖 )

<2.13>

2.2.3 Dusty-fluid model
The dusty-fluid model was developed for describing gas phase flow through a porous
media. There are 4 independent mechanisms through which gas transport occurs within a porous
media. The first being Knudsen diffusion, where the gas pressure is low resulting in collisions
between the walls of the pores and the molecules dominating. The second mechanism is viscous
flow, where the molecular interactions dominate. The third mechanism is continuum diffusion,
where molecule-molecule interactions dominate, and the fourth mechanism is through surface
diffusion.62,63 For describing ionic transport through a membrane, an extended version of the
generalized Stefan-Maxwell equations can be used to develop a Dusty-fluid model, where the
membrane backbone and the attached side chains (functional groups like -CH2N+(CH3)3 in AEMs)
are considered as ‘dust’ in the model. The assumptions made for the model are: i) the dust species
are fixed, such that their velocity with respect to the frame of reference is 0. ii) the dust species are
distributed evenly in concentration, i.e.,

𝑑𝐶𝑀
𝑑𝑥

= 0, where M denotes the membrane. iii) the molecular

weight of the dust approaches infinity relative to the mobile ions.62
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The impact of the membrane structure is accounted for by approximations based on empirical
correlations like a Bruggeman correlation. The Bruggeman correlation ((𝜀 − 𝜀𝑜 )𝑞 ) relates the
phase volume fraction and the exponent aimed at correcting the membrane complex structure.
𝐹2

𝜎 = (𝜀 − 𝜀𝑜 )𝑞 𝐷12 𝑅𝑇(1+𝛿) 𝐶

<2.14>

𝜎 is the ionic conductivity, 𝜀 is the volume fraction of water in the membrane, 𝜀𝑜 is the volume
fraction of water in the membrane at the percolation limit, and q = 1.5 is the Bruggeman constant.
The diffusion and structural correction terms are condensed into a fitting parameter that factors the
diffusivity between the mobile species and the membrane which is δ.
2.3 Equivalent Circuit modeling using Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a useful tool to characterize an electrochemical
system by application of an electrical perturbation. Through the Nyquist plot which plots the real
part of impedance measured vs the imaginary part of electrical impedance, obtained from EIS, an
electric circuit model can be used to represent the behavior of the system. For example, the
traditional electrochemical interface which can be a planar electron conducting electrode
interfaced with an ion-conducting electrolyte and an electrochemical reaction occurring on the
electrode surface. The electrochemical behavior of this interface can be described in the format of
an electric circuit - like a simple Randle’s model which incorporates three elements. i) equivalent
series resistance (ESR) which includes the sum of resistances from the electrode, electrolyte, and
electrical contacts, in series to a parallel connection of ii) double layer capacitance Cd and iii) a
charge transfer resistance Rct. Rct constitutes all Faradaic reactions occurring on the electrode’s
surface and C represents the non-Faradaic charge storage. However, this simple model does not
effectively describe porous electrodes. To develop a model for describing porous electrodes,
representative of porous carbon electrodes in MCDI, a transmission line theory is adopted,
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wherein, highly porous electrodes are differentiated into two parts – the base electrode and the
porous portion. The gradual inflow of ions into a pore can be described using transmission lines
as shown by Figure 2.1. The model consists of several elements connected in parallel and series.

Figure 2.1. Schematic of a generic transmission line model with elements along the electrode pore
L denotes the length of the transmission line or the depth of the pore. A series of repeating
impedance elements represent the transmission line along the pore. χ1 is the impedance of the
electrolyte within the pore, χ2 is the impedance of the porous electrode’s solid phase
2.4 Bipolar junction
The advantages of EDI over ED is the higher ionic conductivity of the diluate compartment
rendered due to the presence of ion-exchange resins. The resins aids in faster electromigration of
ionic species from the feed water to the IEMs. Moreover, the resins can be electrochemically
regenerated without the use of chemicals. Regeneration occurs through water splitting in the
bipolar junctions formed at the interface where the cation-exchange moieties (in the CERs) come
into contact with the anion-exchange moieties (in AERs). The oppositely charged tethered ionic
moieties in proximity at this interface leads to an abrupt p-n type junction that dissociates water
under an applied electric field.54–58 When the diluate compartment is under dilute conditions, the
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applied electric field shifts the reaction towards the formation of hydronium (H3O+) and hydroxide
(OH-) ions that carry on the current flow in the unit. The evidence for water-splitting in the ionexchange resin bed in EDI is observed from the pH changes in the effluent stream and
measurement of the device’s current efficiency.64

Figure 2.2. Schematic figure showing the different types of bipolar junctions formed within a resin
wafer (type b applicable only to ion-conductive binders)
The mechanism for water splitting in such electro-membrane processes are poorly understood. The
Second Wein effect is the theory that is used to explain water splitting in bipolar membranes which
is extended for bipolar junction sites in resin wafers.64,65 It confirms that the forward rate constant
of water dissociation is promoted by the electric field strength of the depletion layer. Similar to
bipolar membranes, the immobile anionic moieties in the CER create an electric field
electrostatically opposing diffusion of additional H+ from the CER to the CER-AER junction, as
depicted in Figure 2.2. The mobile OH- within the AER continuously diffuses to the AER-CER
junction until the fixed cationic charges opposes the diffusion of additional OH- by generating an
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opposite field. At steady-state, the flux of ions due to diffusion towards the interface equals the
flux of ions due to migration in both CERs and AERs.56
𝐽𝐻+ (𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) + 𝐽𝐻+ (𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛) = 0

<2.15>

𝐽𝑂𝐻− (𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) + 𝐽𝑂𝐻− (𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛) = 0

<2.16>

Due to the fixed charges on either side of the interface, an electric field, Ε, is produced by the
resulting a potential difference between the two materials. The potential gradient φ(x), is opposite
to that of the electric field produced, Ε(x).56 A relation at steady state, between the activity of the
mobile ions and the electric field can be obtained by derivation using equation 2.15,
𝑑𝑎𝐻+

𝐽𝐻+ (𝑛𝑒𝑡) = 0 = 𝑞[µ𝐻+ 𝑎𝐻+ 𝛦(𝑥) − 𝐷𝐻+ (

𝑑𝑥

)]

<2.17>

where q is the elementary charge, µH+ is the proton mobility, aH+ is the activity of the protons, and
DH+ is the proton diffusivity. Substituting the Einstein relationship

µ𝐻+
𝐷𝐻+

= 𝑞/𝑘𝑇, where k is the

Boltzmann constant and T is the temperature.
𝑞

− (𝑘𝑇) (

𝑑𝜑(𝑥)
𝑑𝑥

1

) = (𝑎 )(

𝑑𝑎𝐻+

𝐻+

𝑑𝑥

)

<2.18>

where φ(x) is the potential within the ion-exchange material as a function of the distance x going
from the cation-exchange site to the anion-exchange site. Integrating of equation 2.18 from the
bulk of the cation-exchange material , φCE, to the bulk of the anion-exchange material, φAE, and
the proton activity from the bulk of the cation-exchange material, aH+CE, to the bulk of the AE,
aH+AE, yields equation 2.19
𝑘𝑇

𝐶𝐸
𝐴𝐸
𝐸𝑗 = ( 𝜑 𝐴𝐸 − 𝜑 𝐶𝐸 ) ( 𝑞 ) 𝑙𝑛(𝑎𝐻+
/𝑎𝐻+
)

<2.19>

𝑅𝑇

𝐶𝐸
𝐴𝐸
𝐸𝑗 = ( 𝜑 𝐴𝐸 − 𝜑 𝐶𝐸 ) ( 𝐹 ) 𝑙𝑛(𝑎𝐻+
/𝑎𝐻+
)

<2.20>
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Where Ej is the contact potential between the anion-exchange material, φAE, and cation-exchange
material φPE and R is the ideal gas constant. The hydroxide and protons are assumed to be in
equilibrium everywhere, 𝐾𝑤 = 𝑎𝐻+ 𝑎𝑂𝐻− which yields
𝑅𝑇

𝐶𝐸
𝐴𝐸 )
𝐸𝑗 = ( 𝜑 𝐴𝐸 − 𝜑 𝐶𝐸 ) ( 𝐹 ) 𝑙𝑛(𝑎𝐻+
. 𝑎𝑂𝐻−
−

𝑅𝑇
𝐹

𝑙𝑛𝐾𝑤

<2.21>

If the activity of the protons and hydroxide were each at unity, then the interface potential would
be 0.83 V.
2.5 Butler-Volmer equation
The Butler-Volmer equation relates the surface overpotential ηs to the rate of electrode reaction:
𝛼 𝐹

𝑎
𝑖 = 𝑖𝑜 [exp ( 𝑅𝑇
𝜂𝑠 ) − exp (−

𝛼𝑐 𝐹
𝑅𝑇

𝜂𝑠 )]

<2.22>

The first term in equation 2.18 gives the anodic reaction whereas the second term determines the
cathodic reaction rate. The net reaction rate is given by the difference between the two. i o
corresponds to the exchange current density which is representative of the reaction rate constant
as described in chemical kinetics. The net direction of the reaction depends upon the sign of the
surface overpotential. The terms 𝛼𝑎 and 𝛼𝑐 are the apparent transfer coefficients that relates to
how the reaction direction favors in response to an applied potential.66
Depending on the surface overpotential, the overall rate can be given by:
𝛼 𝐹

𝑎
𝑖 = 𝑖𝑜 exp ( 𝑅𝑇
𝜂𝑠 ) for 𝛼𝑎 𝐹𝜂𝑠 ≫ 𝑅𝑇 or,

𝑖 = −𝑖𝑜 exp (−

𝛼𝑐 𝐹
𝑅𝑇

<2.23>

𝜂𝑠 ) for 𝛼𝑐 𝐹𝜂𝑠 ≪ −𝑅𝑇

<2.24>

A special case of the Butler-Volmer equation is the Tafel equation which depicts the surface
overpotential in terms of the logarithm of current density, as shown in equation 2.25
For large cathodic current densities, taking log on both sides of equation 2.24,
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𝛼 𝐹

𝑐
𝑙𝑜𝑔|𝑖| = 2.303𝑙𝑜𝑔𝑖𝑜 − ( 𝑅𝑇
𝜂𝑠 ) => 𝜂𝑠 =

The Tafel slope is given by

2.303𝑅𝑇
𝛼𝑐 𝐹

2.303𝑅𝑇
𝛼𝑐 𝐹

𝑙𝑜𝑔𝑖𝑜 −

2.303𝑅𝑇
𝛼𝑐 𝐹

𝑙𝑜𝑔|𝑖|

<2.25>

. The Tafel slope is an indicator of reaction rate kinetics, the

lower the value, the faster the electrode reaction rate kinetics.
2.6 Pourbaix diagram
The Pourbaix diagram is a plot of the potential vs pH (EH-pH diagram) that depicts all possible
stable phases of an aqueous electrochemical system. The copper Pourbaix diagram was used to
determine the stable phases of Cu in the anolyte and catholyte used in the TRABs.
a)

b)

Figure 2.3. Pourbaix diagrams of 0.2 M copper in (a) water and (b) 3 M NH3 solution (simulated
using Geochemist’s Workbench).
The copper Pourbaix diagrams shown in Figure 2.3 a and b, show that copper precipitates
depending on the pH and the composition of the electrolyte. The copper precipitation into Cu(OH)2
which is a parasitic reaction in the anode, can be regulated by adjusting the solution composition
and the pH. Cu(OH)2 precipitate formation occurs as shown in equation 2.26.
Cu(NH3)42+ + 4H2O → Cu(OH)2 (s)↓ + 2 NH3∙H2O + 2 NH4+
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<2.26>

2.7 Conclusions
The theoretical concepts explained in Chapter 2 were used in the dissertation for the following
purposes:
i) Understanding the ionic transport within ion-exchange membranes to understand the
ion-exchange membrane properties and to conduct a systematic study on their influence
on membrane capacitive deionization
ii) Developing a modified Bisquert open model with transmission lines for determining
the sources of impedance in the MCDI setup
iii) Developing ionomer binders for resin wafers that show improved performance by faster
ionic transport in the porous networks and understanding the mechanism of
regeneration by water splitting in the bipolar junctions of resin wafers
iv) Studying the cathode kinetics by measuring the Tafel slope and exchange current
density in TRABs and determining the influence of electrode coatings on cathode
kinetics
v) Deducing the source of parasitic reactions within the anode in TRABs using the copper
Pourbaix diagram.
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Chapter 3. Experimental Methods
3.1. Introduction
This chapter discusses the experimental methods used to carry out the research disseminated in
this dissertation. The chapter includes the materials used to conduct desalination experiments in
MCDI and RW-EDI modules and battery discharge experiments for TRBs, synthesize ionexchange polymer electrolytes, and to fabricate membranes, resin wafer, and electrode coatings
given in section 3.2 Further, the procedure for materials synthesis and characterization, device
operation is given in sections 3.3-3.5.
3.2. Materials
Commercially available activated carbon cloths (i.e., porous carbon electrodes) were washed in 1
M nitric acid at 95 °C and used as carbon electrodes (from Kuraray, Japan) and the electrodes were
separated using a nylon net spacer (200 μm thickness, Sefar NITEX). GrafoilTM sheets from
Graftech International were used as current collectors (10 cm x 10 cm). Commercially available
Tokuyama AMX (i.e., AEM) and CMX (i.e., CEM) membranes (thickness of AMX = 140 μm,
CMX= 140 μm) were used in this study. NafionTM 211 (thickness 25.4 μm, Ion Power, Inc.) was
the CEM for the perfluorinated IEM tests. The perfluorinated AEM (thickness of 25 μm, sourced
from the National Renewable Energy Laboratory (NREL)) was prepared from the sulfonyl fluoride
form of perfluorosulfonic acid membrane precursors made by 3M.40 The sulfonated poly(ether
ether ketone) (SPEEK) CEM and the quaternary benzyl ammonium chloride poly(2,6-dimethyl
1,4-phenylene oxide) (QAPPO) AEM were synthesized in house (details in section 3.1.2). The
polymers poly(ether ether ketone) (PEEK) was obtained from VICTREX and poly(2,6dimethyl,1,4-phenylene) oxide (PPO) was sourced from Polysciences, Inc. Commercially
available cation-exchange resins (Purolite, PFC100E (IEC=1.9 eq L-1), density = 1.27 g cm-3) and
anion-exchanges resins (Purolite, PFA400 (IEC=1.3 eq L-1), density= 1.07 g cm-3) were used in
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the resin wafer (RW) preparation. The cation-exchange resins consisted of sulfonated sodium
polystyrene crosslinked with divinylbenzene. The anion-exchange resins were composed of
quaternary benzyl trimethylammonium chloride polystyrene crosslinked with divinylbenzene. The
chloromethylation and amination reactions for preparation of the quaternary ammonium
polysulfone (QAPSf) is given in section 3.3.1. Udel polysulfone pellets (PSf) were attained from
Acros Organics, and the polymer had an average molecular weight of 60,000 g mol-1.
Chemicals such as: 97% sulfuric acid (H2SO4), sodium chloride (NaCl), 99.8% chloroform
(CH3Cl), 95% paraformaldehyde, 98% chlorotrimethylsilane, 99% stannic chloride (SnCl4), 98%
N-methyl pyrrolidine, 99% N-methyl pyrrolidone (NMP), 99.96% deuterated dimethylsulfoxide
(d6-DMSO), and 99.6% deuterated chloroform (CDCl3), 28-30 % ammonium hydroxide in water
(NH4OH, ACS grade), and copper (II) nitrate trihydrate (Cu(NO3)23H2O) were attained from
VWR or Sigma-Aldrich and used as is. Trimethylamine (40 wt% in aqueous solution) and copper
(Cu) gauze (50 mesh woven from 0.23 mm diameter wire) were obtained from Alfa Aesar.
Commercially available cation-, anion-, and bipolar membranes were used for the RW-EDI stack
measurements (at Argonne National Laboratory) and were obtained from Ameridia (Neosepta
CMX, AMX, and BP; ASTOM Corporation, Tokyo, Japan). Poly(styrene-block-(ethylenerandom-butylene)-block-styrene) (SEBS, Mw ~118,000). All chemicals were used as is.
Deionized water (DI H2O, 18.2 MΩ, < 20 ppb TOC) was produced at the time of a particular
synthesis or experiment with a Milli-Q Millipore Elix 10.
3.3 For MCDI Study
3.3.1 Preparation and characterization of ion-exchange membranes
SPEEK was prepared by first dissolving PEEK in concentrated sulfuric acid (10 wt%
PEEK in 98 % pure sulfuric acid) and mixing the solution for 72 hours at room temperature. The
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polymer was precipitated in an ice-cold bath and repeatedly washed and filtered until the pH of
the washing water was 7. A 5 wt% SPEEK solution in n-methyl pyrrolidone (NMP) was prepared
and the solution was drop casted on to a 15 cm x 15 cm glass plate placed on a leveled surface in
an oven. The oven temperature was then set to 70 °C and the solvent was evaporated over 24 hours.
The membrane on the glass plate was immersed in deionized water to remove it and the resulting
thickness of the membrane, after drying, was 24 μm.
To make QAPPO AEMs, free radical bromination was performed on PPO. A 7 wt%
solution of PPO in chlorobenzene was prepared and n-bromosuccinimide was mixed into the
dissolved PPO solution (0.7 moles to each mole of PPO repeat units). After heating the solution to
115 °C, azobisisobutyronitrile (AIBN), a free radical initiator (2 wt% to the amount of PPO
dissolved), was added. The reaction was carried out for 12 hours prior to precipitation in methanol.
The filtered polymer was redissolved in chloroform and precipitated in methanol to remove
unwanted impurities. The polymer formed was dried under vacuum at room temperature for 24
hours to remove residual solvents. A 5 wt% solution of brominated PPO (BrPPO) in NMP was
prepared. To the resulting solution, trimethylamine (TMA, 40 wt% in water) was added to the
dissolved BrPPO in the molar ratio of 3:1 (TMA to bromomethyl groups as determined from 1H
NMR as shown in Figure A.1. in the Appendix). The resulting mixture was allowed to react
overnight at 40 °C. The aminated polymer solution was then drop casted on to a leveled 15 cm x
15 cm glass plate in an oven at 70 °C to form QAPPO membranes with bromide counterions.
The SPEEK CEM and QAPPO AEMs were ion-exchanged to the sodium and chloride
counterion forms, respectively, before testing in MCDI and characterization. Ion-exchange of
SPEEK to the sodium ion form was performed by immersing the membrane in 1 M sodium
hydroxide (NaOH) solution for 24 hours followed by excess rinsing and immersing in deionized
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water to remove the excess salt. QAPPO was ion-exchanged to the chloride form by immersing
the membrane in 1 M sodium chloride (NaCl) solution and following the same rinse procedure to
remove excess ions. Figures 3.1 shows the reaction mechanism for SPEEK and QAPPO synthesis
and Figure 3.2 shows the chemical structures for the perfluorinated AEM and Nafion CEM.
a.)

Chlorobenzene
(7 wt% in PPO)
n-bromosuccinimide
azobisisobutyronitrile
(AIBN) with heat

i.) 5 wt% in n-methyl
pyrrolidone,
trimethylamine
ii.) Ion-exchange with
sodium chloride solution

b.)
i.) Conc. Sulfuric acid
ii.) Ion-exchange with sodium
hydroxide solution

Figure 3.1. a) Preparation of QAPPO by i.) bromination of poly (2,6- dimethyl,1,4-phenylene)
oxide (BrPPO) and ii.) quaternarization reaction with trimethylamine followed by ion-exchange
to the chloride form; b.) Sulfonation reaction of poly(arylene ether ether ketone) (PEEK) at room
temperature for 4 days followed by ion-exchange to the sodium form.

3.3.2. Electrochemical Impedance Spectroscopy
Hybrid in-situ EIS was performed with a Gamry Reference 3000 potentiostat/galvanostat
to analyze current distribution resistances in the MCDI cell with different IEMs. This
electroanalytical technique was used to apply a background direct current of 0 mA, 20 mA, or 40
mA with a 2 mA perturbation current and ten data points were collected every decade in the
frequency range of 100,000 Hz to 0.1 Hz. The individual resistance components within the MCDI
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were identified and values extracted from the Nyquist plots using an electric circuit equivalent
(ECE) model.
b)

a)

Figure 3.2. Chemical structures of a.) NafionTM 211 CEM in Na+ form and b.) perfluorinated AEM
in Cl- form
3.3.3 Measurement of membrane properties
The IEMs properties were characterized in terms of thickness, ionic conductivity,
permselectivity and area specific resistance (ASR). Membrane thickness was measured using a
micrometer. The ionic conductivity of these IEMs (in Na+ form for CEMs and Cl- form for AEMs)
was measured in deionized water, 250 ppm NaCl solution, and a 540 ppm NaCl solution. A fourpoint platinum cell was used to measure ionic conductivity (κ) of the IEMs. EIS was collected in
the frequency range 100,000 Hz to 0.01 Hz with ten data points per decade and an alternating
current perturbation of 1 mA. Equation 3.1 was used to determine the ionic conductivity of the
IEMs. The membrane resistance values from EIS experiments were determined from the Bode
plots at phase angle values of 0°.
Equation 3.2 gives the area specific resistance from ionic conductivity of the membrane
and its thickness. Permselectivity of the membranes was calculated from the transference number
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(Ti) of the membranes, where the transference numbers were determined by measuring the IEMs’
junction potential when partitioning two liquid solutions of different concentrations (0.1 M NaCl
and 0.001 M NaCl solutions).44,67 Using two silver/silver chloride reference electrodes, the
membrane potential was recorded.

Equation 3.3 relates membrane potential to counterion

transference number. Equations 3.4 and 3.5 were used to determine membrane permselectivity
from transference number of the counterion. The ideal permselectivity for an IEM is 1.
𝜅=

𝑑
𝐿∙𝑊∙𝑅

<3.1>

d = distance between the electrodes where the potential drop is measured
L = membrane thickness
W = width of the membrane thickness in the 4 point probe
R = membrane resistance
𝐴𝑆𝑅 =
𝐸=

𝑅𝑇

𝑎𝑐𝑜𝑛𝑐

[𝑇𝑐𝑜𝑢𝑛𝑡𝑒𝑟 𝑙𝑛 𝑎𝑐𝑜𝑢𝑛𝑡𝑒𝑟
− 𝑇𝑐𝑜 𝑙𝑛
𝑑𝑖𝑙
𝑧𝐹
𝑐𝑜𝑢𝑛𝑡𝑒𝑟

𝑐𝑜𝑛𝑐
𝑎𝑐𝑜
𝑑𝑖𝑙
𝑎𝑐𝑜

𝐿
𝜅

]

φCEM =
φAEM =

<3.2>
<3.3>

TCEM
-Tc
c
Ta
TAEM
-Ta
a
Tc

<3.4>
<3.5>

Tcounter and Tco = the transport number of the corresponding counterion and co-ion of IEM type
𝜑 = the permselectivity of the membrane
Ta or Tc = transport number for anion (a) and cation (c).
3.3.4 MCDI cell setup and experiments
The MCDI unit cell was operated in a single flow through cell that consisted of a pair of
GrafoilTM current collectors, carbon electrodes, IEMs (one AEM and one CEM), and a nylon
spacer. Figure 3.3a shows the arrangement of the materials in the single flow through cell, while
Figure 3.3b is a picture of the home-built MCDI setup. A feed solution of synthetically prepared
NaCl solutions (250 ppm or 540 ppm) was pumped into the MCDI unit cell using a peristaltic
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pump at the rate of 10 mL min-1. The salt water feed was not deaerated and hence it was assumed
to be saturated with oxygen (note: the dissolved oxygen concentration was approximately 8.1 mg
L-1 – data from the literature).68 The effluent steam from the unit cell was monitored in terms of
total dissolved salt (TDS) concentration and pH using a conductivity and pH probe placed in line
of the exit stream. The charging durations were kept constant for each set of IEMs tested in the
MCDI unit to ensure that the same amount of charge was supplied to the MCDI unit with different
IEMs and allow for uniform testing protocol. Table 3.1 lists the class of IEM chemistries evaluated
for MCDI. Note: Positive electrode and negative electrode designations used throughout this
document correspond to charge mode for MCDI (i.e., removal of salt from water).

The MCDI experiments were conducted with two different salt concentrations of NaCl:
250 ppm and 540 ppm. The first set of experiments operated the MCDI cell under constant current
mode at 0.5 mA cm-2 for 250 ppm feed inlet concentration. The second set of experiments was
carried out at 0.9 mA cm-2 for 540 ppm. The two set of experiments with 250 ppm and 540 ppm
feeds had a charging cycle duration of 2 and 2.5 minutes respectively. The cell was discharged at
the same current density value magnitude, but in negative polarity. The cell was discharged until
the corresponding cell voltage reached zero indicating complete discharge. A constant current
operation was selected for MCDI experiments because of the ability to control the effluent salt
concentration in this mode.15,69,70 8 charge-discharge cycles were performed for each MCDI
experiment of which the first 3 were not considered in the analyses because the system took some
initial cycling to reach dynamic equilibrium. In designing our experimental protocol, a baseline
configuration of MCDI with Tokuyama IEMs was used to identify an appropriate current density
value for charge-discharge cycling that would not exceed a voltage limit of 1.6 V to prevent
significant water splitting. Furthermore, it was not anticipated that carbon corrosion would be so
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prevalent as it occurs at extreme pHs and its kinetics are slow.71 The justification for the 1.6 V cell
limit was: i.) it enables a large enough current density to removal salt at measurable rates, while
also ensuring that parasitic side-reactions were not significant; and ii.) it is in-line with other
reports in the literature.19,69,72

a)

b)

Figure 3.3. a.) Arrangement of material components in a single flow through MCDI cell. b.) A
photograph of the home-built MCDI setup.
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Table 3.1 Flow cell configuration of MCDI with the different IEM pairs.
IEM
Negative electrode
Positive electrode
Tokuyama IEMs 1

Tokuyama CEM

Tokuyama AEM

Perfluorinated IEMs 2

NafionTM CEM

Perfluorinated AEM

PAE IEMs 3

SPEEK CEM

QAPPO AEM

3.3.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy was performed using the Scienta Omicron GmbH with a mono
AlKα source radiation. Hi-res XPS elemental analysis performed for carbon 1s on the pristine
carbon cloth and the positively charged electrode and negatively charged electrode post running
the MCDI desalination cycles in the case of each configuration (8 cycles with different current
density operation and a feed flow rate of 10 mL min-1).
3.4 For RW-EDI Study
3.4.1 Preparation and characterization of ionomer binders
Poly(arylene ether) ionomer synthesis procedures
PEEK was sulfonated based on our previous work as described in section 3.2.2,14 the procedure
given in section 3.2.2. However, the degree of sulfonation (DS) in PEEK was monitored by
assaying the reactor periodically throughout the reaction. After an aliquot was removed from the
reactor, the sample was precipitated in DI H2O and rinsed excessively in DI H2O. After drying in
a fume hood, the sample was dissolved in d6-DMSO and analyzed via 1H NMR (see Appendix
Figure A.2. for synthesis of SPEEK and 1H NMR spectrum with assignments). This procedure was
repeated two or three times until the desired DS value of SPEEK was obtained. After the desired
DS value was achieved, the remainder of the SPEEK in sulfuric acid batch was precipitated and
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rinsed as shown in section 3.2.2. In this report, a DS of 0.4 was found suitable for making
conductive but mechanically robust RWs. A high DS value (i.e., > 0.5) resulted in excess swelling
of the RW. The ionomer solution used to prepare the resin wafer was prepared by dissolving
SPEEK in NMP to make a 14 wt% solution.
QAPSf ionomer: Udel PSF was chloromethylated following the procedure by Arges et
al.73 Udel PSF was dissolved in CHCl3 at room temperature to prepare a 2 wt% solution in a
round bottom flask with equipped with a magnetic stir bar. Paraformaldehyde and
chlorotrimethylsilane (5:5:1 molar ratio to PSf repeat unit) was added to the flask. The flask was
sealed with a rubber septum and the silicon oil bath containing the flask was heated to 55 C. Then,
SnCl4 (Lewis acid catalyst), a 2 wt% ratio to PSf added, was added slowly by syringe through the
rubber septum. To monitor the degree of chloromethylation (DC) of PSf, samples were assayed
from the flask over time. After withdrawing an aliquot from the flask, the chloromethylated
polysulfone (CMPSf) solution was precipitated in methanol (5:1 volume ratio) and then vacuum
filtered. The degree of chloromethylation (DC) of the batch obtained was 0.88 (see Figure 3.4 for
QAPSf synthesis and Figure A.2. b-c for 1H NMR spectra of CMPSF and QAPSf). Any CMPSf
batch used above 0.9 DF yielded a QAPSf material that resulted in a swollen resin wafer with poor
mechanical integrity.
To prepare the QAPSf solution used to make RWs, chloromethylated polysulfone in
(NMP) was dissolved in NMP to make a 14 wt% solution. 1-methyl pyrrolidine was then added to
the solution in the ratio of 2:1 to the amount of chloromethyl groups per repeat unit in CMPSf.
The conversion of chloromethyl groups to quaternary benzyl N-methylpyrrolidinum chloride
groups was carried out for 24 hours at 60˚C. The ionomer solution was then cooled to room
temperature and stored until use in the manufacture of the RW.
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Figure 3.4. Reaction mechanism for preparation of QAPSf
3.4.2 Resin wafer preparation
Conventional resin wafer (RW) synthesis: Synthesis of the conventional RW, a replica of
Argonne’s benchmark material, is done by the addition of cation-exchange resins and anionexchange resins in the ratio 1:1.3, to which polyethylene binder and sodium chloride are added to
yield a mix ratio by mass of 2.0:1.0:0.5 of resins to binder to salt. The resulting mixture is packed
to a resin mold. The typical dimensions of the mold for this work was 14 cm x 14 cm x 0.3 cm.
The mold is hot pressed around 109 ˚C and with 2 metric tonnes of force for 30 minutes.
RW with cation-exchange ionomer (CEI) binder: A resin mixture is prepared by adding
cation-exchange resins and anion-exchange resins in the ratio 1:1.3 and 13.8 wt% solution of
SPEEK in NMP and sodium chloride in the mass ratio of 2.4:2:1 of resins to binder to salt. The
resin mixture is packed into a mold and dried in the oven at 60 C for 12 hours to remove residual
solvent. It is then hot pressed at 125 C for 1.5 hours with 2 metric tonnes of force. The same
procedure was followed for the resin-wafer consisting of anion-exchange resin particles only with
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the CEI binder. Here, the mixture was prepared in the ratio of 2.4:2:1 of resins particles to CEI
binder to salt.
RW with anion-exchange ionomer (AEI) binder: A resin mixture is prepared by adding
cation-exchange resins and anion-exchange resins in the ratio 1:1.3 and 14 wt% solution of QAPSf
in NMP and sodium chloride in the mass ratio of 2.4:2:1 of resins to binder to salt. The resulting
mixture is packed into a mold and dried in the oven at 60 C for 12 hours to remove residual
solvent. It is then hot pressed at 150 ˚C for 1.5 hours at 2 metric tonnes. The same procedure was
followed for the resin-wafer only featuring cation-exchange resin particles with the AEI binder.
This mixture is prepared with the ratio of 2.4:2:1 of resin particles to AEI binder to salt.

Figure 3.5. Manufacturing scheme to prepare ionomer binder RWs
3.4.3 Ionic conductivity measurements
Flow-through conductivity tests were performed using the 4-point probe method and an
LCR meter (IM3533-01, Hioki USA, Cranbury, NJ). Wafers were cut into 1 in. × 1 in. squares,
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inserted into gaskets, and installed in custom-built flow-through cells consisting of stainless-steel
electrodes as shown in Figure 3.6a. Five cells were arranged in series to perform measurement of
five wafers simultaneously. Prior to each measurement, wafers were equilibrated in NaCl solution
until steady state was achieved. Conductivity was measured as impedance using a frequency of
100 kHz and a voltage of 50 mV. The NaCl solution measurement was conducted using an
identical apparatus excluding the wafer material. The wafers were rinsed thoroughly with ultrapure
water after measurements were made. Duplicate measurements were performed for the mixed resin
with CEI binder and mixed resin with PE binder at each NaCl concentration using freshly prepared
NaCl solution. The electrical resistance across the water was continuously monitored with two
electrodes during continuous flow until a steady resistance value was achieved. Equation 6 was
used to determine the samples’ ionic conductivity under a flow-through setting.

Figure 3.6. Flow-through and static mode conductivity. a.) Schematic of setup used to measure
flow-through conductivity of RWs. b.) High-throughput, custom-built 2-pt ionic conductivity (κ)
static cell for downselecting new RW materials.
Static conductivity tests were performed using a 2-point probe method (see Figure 3.5b)
The cell consisted of platinum foil working electrodes adhered with silver epoxy onto stainless
steel collectors in a polytetrafluorethylene (PTFE) housing. A stainless-steel screw was used for
making contact between the electrodes and the RW samples. The RWs were immersed and
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equilibrated in NaCl solution for 5 minutes. Conductivity was measured using galvanostatic
electrochemical impedance spectroscopy as mentioned in section 3.1.3, with 1 mA perturbation
and at 0 mA background current. The high frequency resistance from the Nyquist plot was used in
Equation 3.6. The NaCl solution measurement was conducted using an identical apparatus and
procedure excluding the wafer material.
κ=

t

<3.6>

A∙R

Where κ denotes the ionic conductivity of the wafer, t denotes the wafer thickness, A denotes the
surface area, and R is the measured resistance value.
3.4.4 Imaging by scanning electron microscopy (SEM)
Cross-sectional and surface images of the resin wafer under were imaged under vacuum
with a QuantaTM 3D Dual beam focused-ion beam scanning electron microscope instrument
operated at 5 kV with field emission gun. The working distance ranged from 6-13 mm. For imaging
the cross-section of resin-wafers, the samples were cut by pouring liquid nitrogen over them and
cutting the sample immediately across the thickness. For the PE binder RWs only, a thin layer of
0.5 nm palladium-platinum was sputtered on the samples to enhance the contrast during imaging.
3.4.5 Porosity measurements
A blue dextran solution (Sigma Aldrich D5751) of 5 g L-1 concentration was prepared, and
the concentration recorded as Cinitial was made by recording the UV-Vis absorbance of the solution
at 620 nm and using a calibration curve that relates absorbance at 620 nm to concentration of blue
dextran. The resin-wafer sample is then immersed into DI H2O to hydrate the ion-exchange
materials. Then, the wafer was immersed in the 5 g L-1 blue dextran solution. After the immersion
for a period of time, the excess blue dextran solution residing on the wafer surface was removed
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by blot drying using a Kimwipe. The adsorbed blue dextran from the wafer was purged from the
resin-wafer using DI H2O, and the total volume of water used is recorded as Vfinal. The blue dextran
concentration of the rinse solution was recorded as Cfinal by measuring the UV-Vis absorbance at
620 nm and using a calibration curve that relates absorbance at 620 nm to concentration of blue
dextran. The free-liquid-void-space (FLVS), or also known as pore volume and the porosity (P),
are estimated using the following equations (3.7-3.8):
VFLVS =

Cfinal ×Vfinal

<3.7>

Cinitial

V

FLVS
P= w×l×h

<3.8>

Where w is the width, l is the length, and h is the height of the wafer.
3.4.6 Evaluation of ion-exchange capacities of resin wafers
The theoretical IECs of the resin wafers were computed by averaging the IEC values
of each of the components by weight and volume (see equations 3.9 and 3.10).
IEC (by weight)=

𝐼𝐸𝐶𝐶𝐸𝑅 ×𝑚𝐶𝐸𝑅 +𝐼𝐸𝐶𝐴𝐸𝑅 ×𝑚𝐴𝐸𝑅 +𝐼𝐸𝐶𝑏𝑖𝑛𝑑𝑒𝑟 ×𝑚𝑏𝑖𝑛𝑑𝑒𝑟 ×𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟

IEC (by volume)=

𝑚𝑇𝑜𝑡𝑎𝑙
IEC (by weight)×mTotal

<3.9>

<3.10>

VTotal ×(1-∅)

Where IECCER, IECAER, IECbinder denote the ion-exchange capacities of the cation-exchange, anionexchange resins and binder respectively in milliequivalents per gram. mCER, mAER and mbinder, mTotal
denote the weight of the cation-exchange, anion-exchange resins, binder and total weight of the
wafer respectively. xpolymer denotes the weight ratio of polymer in the ionomer binder used and
VTotal denotes the total volume of the wafer which is measured as the product of the wafer area and

47

wafer thickness. Φ denotes the wafer porosity. Salt weight is not considered in these calculations
as it is leached out by immersing the wafer in DI water.
3.4.7 Resin-wafer electrodeionization stack setup and experiments
RW-EDI experiments were conducted using a homemade electrodialysis stack (see
Figure 3.7) consisting of a stainless-steel cathode and dimensionally stable anode (DS A). Ion
exchange membranes (active area = 14 mm2) were arranged in an alternating pattern as shown in
Figure 3.7 to create feed/diluate compartments (~3.0 mm thick) containing resin wafers and
concentrate compartments (~1.0 mm thick) for a total of four cell pairs. Experiments were
conducted in batch mode using an initial concentration of 5 g L-1 NaCl for both the feed and
concentrate solutions, a feed flow rate of 25 mL min-1, a concentrate flow rate of 50 mL min-1, and
cell voltage of ~1 V/cell pair.

Figure 3.7. RW-EDI partial stack assembly. Each cell pair contains an anion exchange membrane
(AMX), cation exchange membrane (CMX), resin wafer (IEX resin), and spacer. Bipolar
membranes (BP) separate the electrode rinse compartments from the remainder of the stack.
Chloride ion concentrations were measured with ion chromatography (882 Compact IC
plus; Metrohm, Riverview, FL) equipped with chemical and CO2 suppression systems. Analyses
were performed with Metrosep A Supp 5 150/4.0 analytical and guard columns, 3.2 mM
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Na2CO3/1.0 mM NaHCO3 as the eluent, a flow rate of 0.7 mL min-1, and 20 μL sample loop and
injection volumes.
The energy consumption for salt removal in kWh per kg of salt removed during the RW-EDI
demonstration was calculated by equation 3.11:
Energy consumed (kWh kg-1 )=2.78×10-7 ×

V ∫ Idt
m

<3.11>

Where V is the constant voltage applied per cell pair in V, I denotes the current in A which is
integrated over the charging time, t is the time, m denotes the mass of salt removed in kg, and 2.78
x 10-7 is the unit conversion factor from Joules to kWh.

3.4.8 Experimental setup and method for water splitting measurements
Water splitting in bipolar junction interfaces of the resin wafers and bipolar
membranes was assessed using a home-built two compartment, 4-point electrochemical cell setup
(see Figure 3.8). The cell consists of two Pt/Ir working electrode meshes, one in each compartment,
and Ag/AgCl reference electrodes with Luggin capillaries intimately pressed against the
membrane interfaces (in one instance a bipolar membrane and in another instance RW materials).
The potential drop is measured across the RW bipolar membrane samples. The active area for the
cell was 1.27 cm2, and the concentration of supporting electrolytes in each compartment was
aqueous 0.5 M Na2SO4 electrolyte. Linear sweep voltammetry (LSV) was used to assess the
current-voltage relationships of the samples in the 4-point cell. The LSV scan was carried out from
0.0 to 2.0 V at a 5 mV s-1 scan rate.
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a)

b)

c)

Figure 3.8. Water splitting experiments a.) Schematic of the two-compartment cell b.) Junction of
the cell where wafer sample is sandwiched between IEMs in the four-point bipolar measurement
cell. c.) Photograph of the home-built cell in our laboratory.
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3.5. For TRBs Study
3.5.1 Preparation of electrolytes
The anolyte solution consists of 0.2 M Cu(NO3)2, 3 M NH4OH, and 3 M NH4NO3 in DI
H2O, while the catholyte consists of 0.2 M Cu(NO3)2 and 3 M NH4NO3 in DI H2O. However, it
should be noted that the NH4OH is not added to the anolyte until the start of the electrochemical
experiments. The 0.2 M Cu(NO3)2 and 3 M NH4NO3 solutions in DI H2O, as well as the 0.2 M
Cu(NO3)2 in DI H2O alone, are a pale blue. The 0.2 M Cu(NO3)2 and 3 M NH4NO3 solution turns
royal blue upon the addition of NH4OH. A Teflon coated magnetic stir bar was added to both
Pyrex glass containers featuring the liquid solutions plumbed to the Scribner Redox Flow Battery
System
3.5.2 Anion-exchange membrane and ionomer coated electrode preparation
Chloromethylation of SEBS was carried out using the procedure by Wang et al, similar to
the Chloromethylation of PSf as described in section 3.2.2.74 However, the reaction mixture for
SEBS chloromethylation was heated to 80 C. The reaction was terminated once the degree of
chloromethylation (DC) of SEBS was 0.13 (Figure 6.1; note: it took 7 days to complete the
reaction). At the end of the reaction, the solution was cooled and precipitated in methanol using
the aforementioned ratio. The solid was vacuum filtered, dried, re-dissolved in chloroform at 5
wt% and then precipitated in methanol (5:1 ratio) to remove impurities. The solid was collected
by vacuum filtration and then vacuum dried for 16 hours at room temperature. The reaction
mechanism is shown in Figure 3.9.
To prepare the QASEBS membrane, CMSEB was dissolved in chlorobenzene to prepare a
5 wt% solution. 9 mL of the CMSEBS solution was drop casted on to 9 cm x 9 cm glass plates and
the solvent was evaporated from the membrane at 60 C. The membrane was peeled off the glass
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plate and then immersed in a 40 wt% trimethylamine aqueous solution for 48 hours at room
temperature. Afterwards, the membrane was rinsed with copious amounts of deionized water (DI
H2O) to remove residual trimethylamine and then dried in a fume hood overnight.

2 wt% in C₆H₅Cl

OH(CH2O)nH +
(CH₃)₃SiCl+ SnCl4
80°C
Polystyrene-block-poly(ethylene-ranbutylene)-block-polystyrene

Chloromethylated Polystyrene-blockpoly(ethylene-ran-butylene)-block-polystyrene

N(CH₃)₃,
60 °C

Figure 3.9. Reaction mechanism for preparation of QASEBS

To prepare the SPEEK ionomer coating, SPEEK was prepared as described in section 3.1.2.
To make the ionomer solution, a 2 wt% of SPEEK was dissolved in n-methyl pyrrolidone (NMP)
and the resulting solution was used as the ionomer. This solution was spray painted directly onto
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the Cu mesh. After several spray applications, the Cu mesh was placed on a hotplate at 100 °C to
evaporate the NMP solvent. The applications and drying were continued until a loading of 0.440.75 mg cm-2 SPEEK on a 5 cm2 Cu mesh was achieved.
3.5.3 Non-zero gap and zero gap mode setup of Thermally regenerative ammonia battery
(TRAB)
A non-zero gap mode of operation was tested using a two-compartment glass cell (i.e., Hcell) from Pine Research Instruments (Figure 3.10). The AEM divided the anolyte and catholyte
compartments. Each compartment contained a copper wire electrode with a 1.628 mm diameter
and that was 3.5 cm long when immersed in the electrolytes. Both the cell compartments were
subjected to continuous stirring with Teflon coated magnetic stir bars to reduce mass transfer
resistances.

Figure 3.10. Schematic of two-compartment glass cell (H-cell) used for non-zero gap mode
operation and study of cathode side reaction kinetics.
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3.5.4 TRB experiments
a)

b)

Figure 3.11. a) Schematic of the zero-gap AFB used to convert low-grade waste heat to electrical
energy. b) Photograph of the bench-scale AFB setup and schematic of the assembly of components
in the zero-gap AFB. Each of the components are labeled and they are: a- anodized aluminum
housing plates, b- gold plated current collectors, c- graphite serpentine flow field channel, drubber gaskets, e-copper mesh electrodes, f- AEM.
Figs. 3.11a and 3.11b show the zero gap AFB design and cell hardware for electrochemical
experiments. The 5 cm2 active cell was assembled with the following order of cell components:
gold current collector, serpentine style graphitic carbon flow field, a Cu mesh electrode (with or
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without ion selective ionomer coating), AEM, Cu mesh electrode (with or without ion selective
ionomer coating), serpentine style graphitic carbon flow field, and gold current collector. The cell
was sealed with Teflon and rubber gaskets placed over the AEM-Cu mesh assembly that comes
into contact with the serpentine style flow fields. The assembled cell was sealed under 40 lb-in of
force. The solution flowrates for the anolyte and catholyte compartments was set to 10 mL min-1.
The

polarization

curves

were

attained

using

a

programmed

sequence

of

chronopotentiometry experiments using Gamry 3000 Reference Potentiostat. The voltage was
assessed in the chronopotentiometry runs starting at open-circuit voltage with a 10 mA increment
from open-circuit for each scan. The power density (P) was determined by P = i x V- where ‘i’ is
the cell current density (A m-2 – geometric area) for a given cell voltage ‘V’. EIS was performed
at open circuit voltage to identify and quantify different sources of resistances within the cell (e.g.,
the ohmic and charge-transfer resistances) using the same procedure as mentioned in section 3.1.3.
3.5.5 Cathode polarization studies
The cathode kinetics were evaluated by collecting polarization behavior of the cathode side
as the working electrode and using a HgO/Hg/KOH (4.24 M) reference electrode (standard
potential, Eo= 0.098 V vs. SHE). The anode in the other compartment served as the counter
electrode. Polarization behavior was assessed by performing linear sweep voltammetry (LSV) with
a scan rate of 5 mV s-1 across the voltage range of 0 to 1.0 V using a Gamry 3000 Reference
Potentiostat. The Tafel slope and exchange current density data were extracted from the LSV data.
The tafel plot represents the log of current densities versus surface overpotential (ηs) obtained from
the LSV data. To calculate ηs, the cell potential values (E) versus HgO/Hg/KOH were converted
into E vs SHE, by adding the conversion factor for HgO/Hg/KOH to SHE (+0.098 V). The
potential vs. SHE was iR corrected for each measured value at a particular current. The ‘R’ term
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in iR was determined from the HFR through impedance spectroscopy. This corrected potential
value (E’) was subtracted from the standard half-cell potential for the Cu2+ + 2e- → Cu reduction
reaction in the cathode (Eoc = 0.34 V). This yielded the surface overpotential (ηs) at different
current density values. Equations 12- 14 were used for these calculations.
𝐸𝑖𝑅 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑,𝑐 = 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑐 (𝑣𝑠 𝑆𝐻𝐸) − 𝑖𝑅

<3.12>

𝜂𝑠,𝑐 = 𝐸𝑖𝑅 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑,𝑐 − 𝐸𝑐0 (𝑣𝑠 𝑆𝐻𝐸)

<3.13>

log 𝑖 =

𝛼𝑐 𝑧𝐹

𝜂
2.303𝑅𝑇 𝑠,𝑐

+ log 𝑖𝑜

<3.14>

𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑐 (𝑣𝑠 𝑆𝐻𝐸): Cathode potential measured in Volts vs SHE
𝐸𝑖𝑅 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑,𝑐 : Cathode potential corrected for ohmic resistance from electrolyte in Volts
𝑖: Current density in A cm-2
𝑖𝑜 : Exchange- current density in A cm-2
𝑅: HFR measured using EIS in Ω cm2
𝐸𝑐0 : Cathode equilibrium potential in Volts
𝜂𝑠,𝑐 : Cathode surface overpotential in Volts
𝛼𝑐 𝑧𝐹
2.303𝑅𝑇

: Tafel slope term

Anode kinetics could not be evaluated in this work due to the large fraction of parasitic
side reactions (e.g., reaction of the copper electrode with oxygen in a basic environment) that
competed with the Cu oxidation reaction with the ammonia.
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3.5.6 Evaluation of Faradaic efficiencies of electrodes
The Faradaic efficiency of the individual electrode reactions in the zero gap AFB cell at
room temperature were calculated for both pristine Cu and SPEEK coated Cu electrodes. This
procedure was carried out by operating the AFB cell under a constant voltage (0.2 V) for 10
minutes with each type of electrode (coated and non-coated). Both experiments were conducted in
the AFB cell employing a QASEBS AEM as separator and a zero gap design. The weight values
of the Cu electrodes were recorded before and after the experiments. For the cathode, some Cu
was deposited on the flow field and hence the change in mass for the flow field was also assessed.
Equation 15 was used to calculate the anode and cathode Faradaic efficiencies in each case.
𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

∫ 𝐼×𝑡𝑑𝑡
∆𝑚.𝑛.𝐹⁄
𝑀

× 100

<3.15>

I: current discharged during the constant voltage (A)
t: time (s)
∆𝑚: change in mass of the electrode before and after operation (g)
n: number of electrons participating in the redox reaction
F: Faraday’s constant (C mol-1)
M: molecular weight of the reactant (g mol-1)
3.5.7 Recyclability and cell regeneration
The stability of the zero gap AFB cell was examined at room temperature by operating it
under constant voltage hold of 0.3 V at intervals of 5 mins and alternating the anolyte and catholyte
flow paths for 7 cycles. This experimental setup inhibited complete dissolution of the anode Cu
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electrode. A low flow rate (2 mL min-1) was used to reduce exhaustion of the electrolyte reactants.
Additionally, fresh anolyte and catholyte was used for each cycle.
3.5.8 Evaluation of membrane conductivity
The SelemionTM, QASEBS AEM were ion-exchanged into the nitrate form by immersing
the AEMs in 0.1 M Cu(NO3)2 for 24 hours and then rinsed with DI water to remove any excess
salts. Similarly, the SPEEK CEM was ion-exchanged into its Cu2+ form. These AEMs and CEM
were measured for the membrane resistance using EIS, using the same procedure as described in
section 3.2.3
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Chapter 4. Low-Resistant Ion-Exchange Membranes for Energy Efficient
Membrane Capacitive Deionization (MCDI)
4.1 Introduction
Membrane capacitive deionization (MCDI) is promising, energy efficient desalination
technique75,76 that has gained recognition commercially for desalination of brackish waters,
selective removal and concentration of ions.77,19 It is known that freshwater is a limited resource
(0.7% of Earth’s water supply) and due to an incremental population and economic activity, there
is an increasing drive towards water reuse rather than freshwater withdrawals. Capacitive
deionization (CDI), and MCDI, are attractive technologies for water desalination due to their low
energy consumption of operation and the ability to recover a substantial fraction of the energy for
separations. Because of the energy recovery, the overall energy consumption for desalination of
brackish water streams was shown to be as low as 0.26 kWh m-3 (or 18.91 kT ion-1, constrained to
a 50% water recovery with 83% energy recovery upon discharge) making it more efficient than
reverse osmosis (note: this result was for a 10 mM reduction in salt concentration).19 However,
upon exploring the focus of materials research for MCDI, most studies investigate new carbon
electrode designs with greater salt storage capacity and high conductivity78,79. Research on
membrane materials for improving MCDI performance and energy efficiency has been negligible.
Primarily, previous MCDI reports have incorporated commercially available electrodialysis
membranes that are thick and mechanically robust80,81. Unlike the membranes for ED, IEMs for
MCDI, do not function as separators for liquid compartments and are just a conformal layer for
ion-selectivity.82,83,84 Hence the incorporation of a thinner IEM seems justified.
_________________________________
This chapter was previously published as, Varada Menon Palakkal, Juan E. Rubio, Yupo J. Lin and Christopher G.
Arges, “Low-Resistant Ion-Exchange Membranes for Energy Efficient Membrane Capacitive Deionization (MCDI)”
ACS Sustainable Chem. Eng. 2018, 6, 11, 13778-1378682
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However, there is a lack of clarity on how IEM properties would impact MCDI performance and
energy consumption. Therefore, the motivation for a systematic investigation on IEMs for MCDI
was aimed at comprehending how IEM properties influence the performance parameters for MCDI
– i.e., salt removal efficiency, energy expended for salt removal and coulombic efficiency. This
chapter reports the results and discussions on this study.
4.2 Results and Discussion
4.2.1 Evaluation of membrane properties
Table 4.1 Thickness, ionic conductivity, and permselectivity values of IEMs used in MCDI
experiments

MCDI
dataset

Membrane
type

1

Tokuyama
CEM
Tokuyama
AEM
NafionTM

2

3

Perfluorinated
AEM
SPEEK
CEM
QAPPO
AEM

DI
H2O

250
ppm
NaCl

540
ppm
NaCl

Area specific
resistance
(ohm-cm2)
250
540
DI
ppm
ppm
H2O
NaCl NaCl

141

5.9

60.0

132.4

2.39

0.24

0.11

0.96

141

5.4

66.0

131.5

2.61

0.21

0.11

0.98

25

7.7

50.8

120.4

0.32

0.05

0.02

1

25

15.2

262.6

496.8

0.16

0.01

0.005

0.92

24

13.2

168

375.3

0.18

0.01

0.006

1
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10.7

99.7

183.5

0.51

0.06

0.03

0.97

Thickness
(µm)

Ionic Conductivity
(mS cm-1)

Permselectivity

Table 4.1 reports the characteristics of IEMs used in this study. The various properties
measured and reported were membrane thickness, ionic conductivity, and permselectivity. The
perfluorinated based IEMs and the PAE based IEMs were both thinner in comparison to the
commercially available Tokuyama membranes. Also, the PF and PAE based IEMs displayed
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higher ionic conductivity when measured in DI water, 250 ppm NaCl as well as 540 ppm NaCl.
The area specific resistance (ASR) values were calculated by dividing the thickness of the IEM
over its conductivity value as shown in equation 2.3. Here, the IEMs were assumed to conduct
ions in an isotropic manner and thus the in-plane conductivity values were sufficient for calculating
the ASR values. The ASR captures the areal resistance of the IEM in MCDI by combining both
ionic conductivity and IEM thickness. The combined effect of higher ionic conductivity and low
membrane thickness translated to a 5 to 10 fold reduction in ASR for the perfluorinated and PAE
IEMs over the Tokuyama IEMs for a given electrolyte solution composition. This drastic reduction
in ASR predicted better MCDI performance with the perfluorinated and PAE IEMs which would
translate to greater energy of efficiency of MCDI. Finally, all IEM types demonstrated high
selectivity values, as shown in the table- 0.92 or greater, implying minimal co-ion adsorption.
4.2.2. Figures of merit for MCDI
After IEM characterization, the different sets of IEMs were tested in the home-built singlecell MCDI setup. Figure 4.1a depicts the cell voltage response under constant current chargedischarge cycles with the different types of IEM chemistries evaluated with a 250 ppm sodium
chloride solution feed. Figure 4.1b shows the corresponding response of the effluent stream’s total
dissolved salt content (mg L-1) from the MCDI cell. Figure 4.1a shows that the perfluorinated IEMs
displayed a considerably lower maximum voltage apex (by about 450 mV) in comparison to
Tokuyama IEMs and PAE IEMs. Whereas, a slightly lower voltage apex was observed for the
PAE IEMs when compared to the Tokuyama IEM as baseline data. The lower voltage values with
the alternative IEMs indicated less energy consumption per ion removed.
Upon looking at the effluent concentration profile for the MCDI operation with the
different IEMs, the lowest effluent salt concentration attained varied. The PAE IEMs gave the
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greatest salt removal when compared to the other IEMs. Whereas, the salt removal with
perfluorinated IEMs was marginally better than the Tokuyama IEMs. If the MCDI configuration
had achieved 100% coulombic efficiency, then the salt removal rate would be the same for a
constant current operation regardless of the IEM type. Hence, the exit concentration would not
vary during charging and only the cell voltage response would change based upon the specific
ASR values of the IEMs. However, due to parasitic reactions, the different IEM sets displayed
different salt removal rates. The calculated MCDI performance parameters: salt removal
efficiencies, coulombic efficiencies, energy efficiencies (during the charge cycle, discharge cycle,
and overall), and energy recovery rates for the MCDI cell with different IEM configurations are
reported in Table 4.2 for 250 ppm NaCl feed. The data displays gains in coulombic efficiency and
salt removal rates for the perfluorinated IEMs and PAE IEMs over the conventional Tokuyama
IEMs. A noteworthy result is the near 50% reduction in the energy expended to remove ions from
water during the charge cycle with both sets of alternative IEM materials (note: when the MCDI
was operated at 0.5 mA cm-2). Similar observations were made with the higher feed salt
concentration (540 ppm) as well, but with a smaller reduction in energy expended per ion removed,
as shown in Figures 4.2a-b and Table 4.2. The in-line pH probe monitored the exit stream pH
throughout each cycle and it varied between 6-8, not differing substantially with the different
IEMs. The energy recovery values were calculated from the discharge data and were used to
determine the net MCDI energy expended for a complete charge-discharge cycle. The energy
recovery values, for all of the IEM sets, were quite low. Based on work by Długołęcki and van der
Wal19, energy recovery is improved in MCDI when charging and discharging the MCDI stack at
low current values. The consequence of low current density operation is lower removal rates of

62

salt and this translates into a larger stack and higher capital costs. For this study, we focused more
on the effect of energy expended per ion removed during the charging cycle.

b)

a)

Figure 4.1. a) MCDI cell voltage response under constant current operation during the chargedischarge cycles for 250 ppm NaCl feed with Tokuyama IEMs (red), perfluorinated IEMs
(green), and PAE IEMs (blue); b) The corresponding effluent salt concentration over time with
the different IEMs used in MCDI charge-discharge cycling.
Table 4.2. Figures of merit for MCDI with the different IEM configurations at 250 ppm feed
inlet concentrations
Performance
parameters
Salt removal rate
Coulombic efficiency
Energy expender per
ion removed (kT ion-1)
*note charging only
Energy recovery (%)

Tokuyama IEMs

Perfluorinated IEMs

PAE IEMs

43.2%

51.4%

57.8%

56.2%

85.1%

95.5%

56.2

21.0

22.3

16.4%

10.5%

7.4%
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a)

b)

Figure 4.2. a) MCDI cell voltage response under constant current operation during the chargedischarge cycles for 540 ppm NaCl feed with Tokuyama IEMs (dark red), perfluorinated IEMs
(green), and PAE IEMs (blue); b) The corresponding effluent salt concentration over time with the
different IEMs used in MCDI charge-discharge cycling.
Table 4.3. Figures of merit for MCDI with the different IEM configurations at 540 ppm feed
inlet concentrations

Performance parameters

Tokuyama IEMs

PF IEMs

PAE IEMs

Salt removal rate

48.1%

48.3%

53.7%

Coulombic efficiency

48%

86.0%

81.3%

Energy expended in charging
cycle (kT ion-1)

57.6

25.8

31.2

The results shown in Figures 4.1a-b and Table 4.2, highlight that a reduction in energy
expended per ion removed from the MCDI cell was achieved by lowering the cell voltage rise,
which was made possible by minimizing the ASR, and removing more salt from water for the
given amount of electrical charge applied (i.e, greater coulombic efficiency). Using the calculated
ASR values reported in Table 4.1, a general heuristic emerges where a 5 to 10 fold reduction in
64

ASR yields about a two-fold reduction in energy expended per ion removed from 250 ppm sodium
chloride solutions. Hence, further reduction in the ASR by making IEMs thinner and more
conductive will inevitably lower the energy consumption of MCDI. It is important to point out that
these results are less pronounced when using a more concentrated salt solution as observed in
Figures 4.2 a-b and Table 4.3. The greater concentration of salt in the spacer channel supplements
the ionic conductivity in the IEM making their role less prominent in determining the energy
efficiency of MCDI. Finally, the coulombic efficiency values for MCDI at 540 ppm feed
concentrations was lower than anticipated: 48%. The alternative IEMs provided higher coulombic
efficiency values (81.3 to 86%).
The characterization of MCDI performance is also found to be reported in literature in
terms of the average salt adsorption rate (ASAR), which is the amount of salt adsorbed during the
charging cycle normalized to the area of the porous electrode and energy normalized to adsorbed
salt (ENAS), which denotes the amount of salt adsorbed corresponding to the energy expended in
charging the electrodes. The ASAR and ENAS values for each MCDI configuration were
calculated using equations 4.1 and 4.2 respectively and reported in Table 4.4.
Average salt adsorption rate (ASAR):
𝐴𝑆𝐴𝑅 = 𝑁

𝛤𝑎𝑑𝑠
𝐴 .𝐴.𝑡𝑐𝑦𝑐𝑙𝑒

=

∅
𝑁𝐴 .𝐴.𝑡𝑐𝑦𝑐𝑙𝑒

𝑡𝑐ℎ𝑎𝑟𝑔𝑒

∫0

(𝐶𝑜 − 𝐶𝑒𝑓𝑓 )𝑑𝑡

<4.1>

Energy normalized adsorbed salt (ENAS):
𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝐸𝑁𝐴𝑆 =

∅ ∫0

(𝐶𝑜 −𝐶𝑒𝑓𝑓 )𝑑𝑡

𝐸𝑐ℎ𝑎𝑟𝑔𝑒 − 𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

Γads = Amount of salt adsorbed during charging (in units of moles)
A= Area of the porous carbon electrodes; 100 cm2 is the single electrode area
tcycle, tcharge = Cycle time and charging time
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<4.2>

∅ = Flow rate of the feed stream
Ceff , C0 = Effluent and feed stream salt concentrations

Table 4.4 Calculated values of average salt adsorption rate (ASAR) and energy normalized
adsorbed salt (ENAS) with different IEM configurations at 250 ppm and 540 ppm feed inlet
concentrations
Performance

Tokuyama IEMs

PF IEMs

Parameters

250 ppm

540 ppm

250 ppm

540 ppm

250 ppm

540 ppm

ASAR (mmol m-2s-1)

3.5

7.5

5.3

12.03

5.9

11.4

0.008

0.007

0.019

0.018

0.013

ENAS (mmol J-1)

PAE IEMs

0.016

4.2.3 MCDI performance as a function of cell current density
Figure 4.3a presents the energy expended per ion removed for the MCDI cell at different
constant current density values with the different IEM chemistries. The alternative perfluorinated
and PAE configurations showed a 33% to 50% reduction in energy expended per ion removed
over the baseline Tokuyama IEMs when the current density values exceeded 0.3 mA cm-2.
Additionally, the alternative IEMs showed a relatively constant energy expended per ion removed
when increasing MCDI cell current density. The Tokuyama IEMs displayed a dramatic rise in
energy expended per ion removed when increasing current density. Figure 4.3b reports the
coulombic efficiency values for the different IEMs tested in the MCDI under different current
density operation. The alternative IEMs had greater coulombic efficiency values and they tended
to increase towards 50% when the cell current density got larger – up to 0.5 mA cm-2. Similar
results for energy expended per ion removed and coulombic efficiency were observed with the
higher feed salt concentration of 540 ppm NaCl as shown in Figures 4.4a and 4.4b.
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The smaller energy consumed per ion removed with the alternative IEMs at high current
density values (≥ 0.3 mA cm-2) seen in Figure 4.3a was attributed to the lower ASR values of the
perfluorinated and PAE membrane sets. The coulombic efficiency gains with the alternative IEMs
are ascribed to the smaller cell voltage rise that derived from the smaller ASR of the membranes.
Large cell current densities spur higher cell voltages that trigger unwanted, parasitic side reactions.
The implication of these results indicates that the MCDI cell with alternative IEMs can operate at
higher current density to remove more salt from water without detriment to the MCDI energy
efficiency while simultaneously aiding better current utilization – another important goal in
achieving better energy efficiency in MCDI.

b)

a)

Figure 4.3. a) Energy expended per ion removed in the charge cycle at different MCDI constant
current density values for a 250 ppm NaCl feed stream with the different IEMs (Tokuyama (red),
perfluorinated (green), and PAE (blue)), and b) the corresponding Coulombic efficiencies for those
data sets.
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b)

a)

Figure 4.4. a.) Energy expended per ion removed in the charge cycle at different MCDI constant
current density values for a 540 ppm NaCl feed stream with the different IEMs (Tokuyama (red),
perfluorinated (green), and PAE (blue)), and b.) the corresponding Coulombic efficiencies for
those data sets.

Figure 4.5. An MCDI Ragone plot depicting the deionization rate (mg m-2s-1) versus the
deionization capacity (mg m-2) with the different IEMs at a feed salt concentration of 250 ppm
Figure 4.5 depicts the MCDI Ragone plot which relates MCDI deionization rate to
deionization capacity. This plot demonstrates that the new IEMs enhanced the deionization rate in
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MCDI for a given deionization capacity. The results illustrate that the thinner and low resistant
IEMs improve the performance of MCDI because the deionization rate is faster, while also yielding
a larger deionization capacity.
4.2.4 Development of an electric circuit equivalent circuit model for MCDI
a)

b)

Figure 4.6. a) The electric circuit equivalent model, Bisquert open model with transmission lines,
for the MCDI system for fitting Nyquist plot data form EIS; b) Nyquist plots and the corresponding
data fit depicted as dashed lines for 0 mA of applied current in the background.
In-situ EIS was leveraged to understand the current distribution within MCDI85,86. This
technique allowed quantitative analysis of the individual resistance contributions in the cell and
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helped us correlate ex-situ properties of the IEMs to MCDI performance. EIS was performed under
different current loads to examine how the resistance contributions evolved as function of applied
current to the cell. A transmission line model approach (Bisquert open model) was adopted to fit
Nyquist data attained from in-situ EIS experiments (see Figure 4.6a for ECE model and Figure
4.6b for the model fits), because it has been used for modeling impedance behavior in CDI cells
(a similar device).69 This model accounts for the distributed nature of interfacial impedance
throughout the pores in the electrode layers.87 The first element is the resistor in series, Rs, and it
corresponds to the membranes’ and spacer channel’s ohmic resistance. The electronic contact
resistance between current collector and porous electrodes are assumed negligible in R S. RM
corresponds to the impedance of the electrolyte resistance in the electrode pore. The resistance Rk
within the loop accounts for all the resistances related to Faradaic reactions that may occur within
the electrode. The constant phase element YM constitutes the impedance due to non-faradaic charge
storage. Finally, L corresponds to the length of the porous electrode, which is fixed to a
dimensionless value of 1, and is not varied during data fitting as the same type of electrodes were
used for all MCDI experiments. Although the Nyquist plots did not reveal a second time constant,
a capacitance effect could arise from ion charge accumulation at the spacer-IEM interface.
The fitted resistance components from EIS modeling results are listed in Table 4.5. The
estimated Rs values indicated that adopting alternative IEMs with lower ASR values yielded a 25%
reduction in the HFR regardless of the applied current density. Hence, the key takeaway here is
that substantially reducing the membranes’ ASR can only reduce the energy expended per ion
removed so much because the resistance in the spacer channel can be fairly large. Nevertheless, a
50% reduction in energy expender per ion removed is still laudable. Additionally, the EIS revealed
that the reduction in HFR, which was 25%, does not fully account for the 50% reduction in energy
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expended per ion removed. The other resistance that contributed to improved MCDI energy
efficiency is the increase in the charge-transfer resistance of faradaic reactions (Rk). The alternative
membranes displayed larger Rk values meaning they partially mitigated unwanted, parasitic sidereactions (e.g., carbon corrosion, water splitting). Because the alternative IEMs display a smaller
cell voltage rise, they reduce the thermodynamic driving force for the parasitic side reactions. The
Rk values explain why greater coulombic efficiency values in the MCDI were seen with the
alternative IEMs. Greater coulombic efficiency assists in attaining better energy efficiency of
MCDI, because a larger fraction of the current is used to remove salt from water.

Table 4.5 List of fitted parameters of the equivalent circuit model at different charging currents
Circuit
Elements

Tokuyama IEMs

PF IEMs

PAE IEMs

0 mA

20 mA

40 mA

0 mA

20 mA

40 mA

0 mA

20 mA

40 mA

Rs (Ω)

3.2

2.8

4.0

1.7

2.2

3.1

2.1

2.4

3.1

L

1

1

1

1

1

1

1

1

1

RM (Ω)

1.1

1

1.8

6.3

1.4

2.0

44.4

69.3

1.8

Rk (Ω)

3.6

4.3E-3

0.1

240

7.7

139E3

0.3

216.9

19.5E3

YM (S.s-a)

1.4

1.3

0.6

15.3

1.6

0.8

15.2

28.2

0.9

A

0.6

0.5

0.5

0.7

0.7

0.7

0.5

0.4

0.5

Finally, the EIS experiments showed that the alternative IEMs produce higher electrolyte
resistance values within the porous electrode layers in comparison to the conventional Tokuyama
IEMs. The RM values, which denotes the pore electrolyte resistance, differs from the bulk
electrolyte resistance (RS – the IEM and spacer channel). The higher RM values for PF and PAE
could be attributed to their superior water transport properties, which dilute the dissolved ionic
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species within the porous electrode compromising ionic conductivity. However, the R M
contribution may not be so significant, because better MCDI performance was attained with the
alternative IEMs.
4.2.5 Evaluation of carbon corrosion in MCDI electrodes using XPS
XPS of the pristine and porous carbon electrodes post-mortem MCDI operation showed
reduction of carbonyl and ether/alcohol moieties that were present in the pristine samples prior to
MCDI runs. Figure 4.7a depicts the C 1s hi-res scan for pristine carbon electrodes and carbon
electrodes interfaced with a Tokuyama AEM. The reduction of these moieties account for the low
current utilization and it was seen in both the positive and negative electrodes for MCDI and for
electrodes interfaced with the different IEMs as shown in Figures 4.7b and 4.7c. XPS is a surface
technique that probes 5 nm into the sample. Hence, XPS was only qualitatively interpreted here
and was not quantified to explain the coulombic efficiency value trends. The alternative IEMs,
however, did display greater coulombic efficiency values and as a result a lower cell voltage rise
during MCDI charging. Reduction of the cell voltage can mitigate the parasitic side reactions –
e.g., a cell voltage of 1.23 V is needed for water splitting and carbon corrosion can occur at either
electrode at 0.21 V (vs. SHE). Note that the porous electrodes were chemically modified using
nitric acid, as recommended by the literature.78
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a)

b)

c)

Figure 4.7. a) XPS C 1s spectrum of pristine and post-mortem MCDI operation (positive and
negative) carbon cloth electrodes. The signals at 292 eV and 287 eV correspond to the carbonyl
and ether/alcohol moieties in the pristine carbon cloth and they are absent in the post-mortem
samples because of parasitic electrochemical reduction reactions in MCDI. b) High resolution XPS
scans of carbon for the cathodes post desalination runs and c) anodes post desalination.
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4.3 Conclusions
In summary of this chapter, the IEM ionic conductivity and thickness, united into an ASR
term, were correlated to MCDI Figures of merit that include salt removal efficiency, energy
expended per ion removed, and coulombic efficiency for three different sets of IEM chemistries.
Reducing the ASR by a factor of 5 to 10 times with unconventional IEMs, PAE and perfluorinated
chemistries, translated to a 50% reduction in energy expended per ion removed in the MCDI cell.
However, in-situ EIS revealed only a 25% reduction in the high frequency resistance with the
unconventional IEMs. The other contributing factor that reduced the energy consumption of MCDI
was the unconventional IEMs creating a larger resistance barrier (Rk component from the modeled
EIS data) for the unwanted, Faradaic charge-transfer reactions that compromise MCDI current
utilization (i.e., coulombic efficiency). XPS showed that reduction of carbonyl and ether/alcohol
moieties in the porous electrodes accounted for the loss in current utilization. Overall, MCDI
efficiency stands to benefit immensely by adopting rationally designed IEMs. Future research will
investigate reduction of ASR of the membranes without jeopardizing ion-selectivity, while
simultaneously exploring alternative spacer channel material for addressing the spacer channel
resistance (Chapter 7 of this Dissertation).
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Chapter 5. Advancing Electrodeionization with Conductive Ionomer Binders
that Immobilize Ion-Exchange Resin Particles into Porous Wafer Substrates
5.1 Introduction
EDI is a commercial separation technology primarily deployed for ultrapure water
production and remediation of industrial process waste streams

43,88

.

Its modular design and

flexible operating parameters (e.g., adjustment of the cell’s operating voltage or current) make it
uniquely versatile to carry-out a wide-range of ionic separations for various applications. EDI is
similar to ED because both devices utilize the same basic structure consisting of two electrodes
that are separated by a stack of alternating liquid compartments, which are partitioned by
alternating cation and anion exchange membranes. Application of an electric field drives the
transport of ions towards their respective, oppositely charged electrode. As a result, charged
species are continuously removed from the diluate chambers and transferred into the adjacent
concentrate chambers. The loosely packed cation and anion exchange resin (CER and AER)
particles in the diluate chamber in EDI, augment the ionic conductivity of dilute aqueous solutions.
By lowering the ohmic resistances in the diluate compartment, the EDI stack is more efficient for
removing ions in the more challenging dilute concentration regime 89.
A disadvantage of incorporating loose resin beads is the inconsistency in process
performance, stack leakage, disruption of bulk liquid flow and routine maintenance requirements
18,39,51

. Over the past two decades, Argonne National Laboratory

39

has addressed some of the

challenges associated with EDI by substituting the packed compartment consisting of loose ionexchange resin particles with a rigid, yet porous, ion-exchange resin wafer (RW) in which the ion___________________________________
This chapter was previously published as, Varada Menon Palakkal, Lauren Valentino, Qi Lei, Subarna Kole, Yupo
J. Lin, and Christopher G. Arges “Advancing electrodeionization with conductive ionomer binders that immobilize
ion-exchange resin particles into porous wafer substrates" npj Clean Water, 2020, 3, article 5.
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exchange resin particles are immobilized. The RW constitutes a mixture of CER and AER bound
by polyethylene (PE) – a thermoplastic polymer. The ion-exchange resin beads supplement ionic
conductivity and ion-exchange across the RW, while the PE binder keeps the resin beads
stationary. Conventional RWs are about 20 to 35% porous 53 and contain macropores that facilitate
bulk liquid flow. Previous work has shown that RW-EDI provides significant advantages over
conventional EDI in terms of the rate of removal of ions from liquids, energy efficiency, and
process stability and consistency 39,52.
The first generation of RW materials incorporated a latex based binder, but this was later
replaced by PE, a thermoplastic, that exhibited better ionic separation and efficiencies and required
shorter processing time for wafer manufacture

53,90

. The ion-exchange resin bead chemistry has

remained the same in RWs for desalination applications, and most activities related to
manufacturing RW materials has focused on the composition of the RW (i.e., the binder content,
porosigen amount, and the ion-exchange resin particles’ content), and variation of the type of resin
particles, which affects ion binding affinities and the ion-exchange capacity (IEC). The porosigen
added to the RW during manufacturing serves as a sacrificial component that is leached in the final
processing step to yield a porous material 51.
Although the RW has a successful track record for augmenting the ionic conductivity of
the diluate liquid streams and assisting in ion removal by ion-exchange 39, at the start of this work,
it was posited that the presence of the non-conductive binder in the RW limits energy efficiency
gains in EDI

53

. The non-conductive binder obfuscates pathways for ion-exchange and ion

transport between the solution and resin particles leading to larger ohmic drops that compromise
EDI energy efficiency. Additionally, it was hypothesized that the non-conductive nature of the PE
compromises the population of bipolar junction sites in the RW. These bipolar junctions are
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formed at the interface where CERs come into contact with AERs. The oppositely charged tethered
ionic moieties at this interface lead to an abrupt p-n type junction that dissociates water under an
applied electric field 54–58. Under dilute conditions, the electric field drives water-splitting forming
hydronium (H+) and hydroxide (OH-) ion carriers that enable electrical current flow in the unit,
and these ions may undergo four fates: i.) they participate in ion-exchange with the resin-particles
to regenerate the bed; ii.) they migrate to their respective ion-exchange membrane and are
transferred into the concentrate stream; iii.) they recombine to form water; and iv.) the ions leave
in the effluent stream, in different ratios, leading to a change in pH 45,64,65. Observations for watersplitting in the ion-exchange resin bed in EDI derive from measuring pH changes in the effluent
stream and analyzing the device’s current efficiency64. Water-splitting can also occur at the
solution-ion-exchange membrane interface under the application of large voltages in ED resulting
in pH changes of the effluent 91 and with unequal ratios of fixed cations to fixed anions in the ionexchange resin bed. From a theoretical perspective, ineffective water-splitting in the ion-exchange
resins may hinder deionization and current efficiency of EDI. To summarize, it is likely that a PE
binder would not only derail the ionic conductivity of the RW but would also jeopardize the
population of bipolar junction regions needed for water-splitting.
This chapter reports the manufacture and performance of ionomer binder RWs with
different configurations: i.) mixed resin with a cation exchange ionomer (CEI) binder, ii.) anion
exchange resin (AER) only with CEI binder, iii.) mixed resin with an anion exchange ionomer
(AEI) binder, and iv.) cation exchange resin (CER) only with AEI binder. The new ionomer binder
RWs showed an impressive 3- to 5-fold improvement in ionic conductivity in the presence of dilute
sodium chloride (NaCl) solution concentrations (≤ 500 mg L-1). The ionomer binder RWs provided
a 25% faster separation in bench scale EDI, and they also displayed a modest improvement in the
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energy efficiency ( 5%) when removing 99% NaCl from a 5,000 mg L-1 NaCl aqueous solution.
Finally, water-splitting in RWs was assessed in an external experimental setup. When compared
to commercially available bipolar membranes, water-splitting in RWs was substantially less
effective because of the absence of a water dissociation catalyst. Overall, the implications of this
chapter highlights two salient points: i.) ionomer based RWs offer the potential to reduce both the
required capital equipment (e.g., size of EDI stack) and energy consumption for a particular
electrochemical separation; and ii.) designing new RWs with effective bipolar junctions via the
inclusion of a water dissociation catalyst will facilitate water-splitting and provide more
thermodynamically efficient ionic separations in EDI desalination, especially for the dilute
regime.54
5.2 Results and Discussion
5.2.1 Determination of ion-exchange capacities of resin wafers
Table 5.1 IEC and porosity values of the resin wafers

Mixed resin with PE binder

IEC
(meq g-1)
0.69

IEC
(meq mL-1)
0.93

Porosity
(%)
26.5 ± 3.8

Mixed resin with CEI binder

0.77

1.11

23.8 ± 1.2

Mixed resin with AEI binder

0.79

1.08

18.6 ± 3.4

CER with AEI binder

0.57

0.80

24.3 ± 0.5

AER with CEI binder

1.05

1.34

13.0 ± 1.9

Resin wafer type

Table 5.1 provides the IEC values of the RWs, and the different RWs’ porosity values (i.e.,
free liquid void space divided by wafer volume). Two of the ionomer binder RWs, the mixed resin
with CEI binder and CER with AEI binder, provided comparable porosity values to the benchmark
PE binder RW (e.g., 23.8% and 24.3% versus 26.5%). The RWs consisting of mixed resin with
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AEI binder and the AER with CEI binder yielded lower porosity values – 18.6% and 13.0%,
respectively.
5.2.2 Ionic conductivity of resin wafers
a)

b)

c)

d)

Figure 5.1. a) Ionic conductivity () of resin wafers at different NaCl concentrations. Error bars
(n=2; absolute difference from the average for the same sample – the error bars are very small) for
mixed resin with CEI binder and mixed resin with PE binder. b) Ionic conductivity normalized to
ion-exchange capacity by weight (wt*) at different salt concentrations. c) κ values of different RW
materials from static mode measurements (error bars represent standard error for n=3 for
independent RW samples acquired from the same manufactured batch). d) Comparison of static
mode and flow-through mode conductivity measurement values.
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Figure 5.1a reports the ionic conductivity values of the RWs measured at different salt
concentrations. Repeat measurements were performed for the mixed resin with PE binder and the
mixed resin with CEI binder. The error bars are the absolute difference from the average. The ionic
conductivity was measured in a flow-through mode device that encloses the RW in a cell and
allows the salt solution to pass through continuously (see Figure 3.5b). Figure 5.1a and Figure 5.1c
demonstrate that the ionic conductivity for each ionomer binder RW was higher across all salt
concentrations when compared to the PE binder RW. Notably, the ionomer binder RWs composed
of mixed resin with CEI and AEI binders showed the highest ionic conductivities across the NaCl
concentrations. The ionomer binder RW demonstrated that it can augment the spacer channel’s
ionic conductivity up to 8 g L-1 NaCl solutions, while the PE binder RW only improves the ionic
conductivity of NaCl solutions up to 3.5 g L-1. In other words, at 4 g L-1 NaCl solution
concentration or greater in the spacer channel, the PE binder RW can no longer boost the ionic
conductivity. These results emphasize the ionomer binder RWs’ versatility because they can
supplement the ionic conductivity in RW-EDI’s diluate or concentrate compartments when the
solution concentration is high as 8 g L-1 NaCl.
Figure 5.1b replots the ionic conductivity data normalized by the IEC of the RW on the
basis of RW weight (meq g-1). Table 5.1 reports the RWs’ IEC values per mass and per volume on
a dry basis. These values account for fixed charge carrier contributions from both the binder (if
applicable) and the ion-exchange resin particles. The normalized conductivity to IEC shown in
Figure 5.1b yielded similar trends to those shown in Figure 5.1a indicating that the ionomer binder
RWs’ ionic conductivities were higher than the benchmark PE binder RW. Notably, a four-fold
increase in normalized ionic conductivity was observed in the dilute salt concentration regime of
< 0.3 g L-1 when compared to PE binder RWs.
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Because the flow-through mode conductivity measurement is time consuming, highthroughput conductivity measurements were made with a 2-point static conductivity cell (see
Figure 3.5a for the setup). Figure 5.1c provides the conductivity values for all RW variants (n=3;
standard error reported) and it is clear that the ionomer binders provide higher RW ionic
conductivity over the non-conductive PE binder RW. Figure 5.1d compares the flow-through mode
conductivity versus the static mode conductivity. Despite slight difference in absolute values, the
trends for conductivity at different solution concentrations of NaCl are in agreement with those
observed in the flow-through mode.
The presence of ionic groups in the binder provides more fixed charge carriers to
supplement the ionic conductivity of the RW. The Nernst-Planck relationship shown in equation
2.11 indicates that ionic conductivity in electrolytes is a linear function of the fixed concentration
of charge carriers 43,92. Based on the theoretical relationship, it is plausible that the improvement
in ionic conductivity might be solely attributed to the addition of fixed charge groups in the
ionomer binder. However, the newly formulated RWs require less binder than the benchmark RW
with PE binder, and normalizing the ionic conductivity of each RW to the RW’s IEC shows the
concentration of fixed charge carriers alone cannot account for the increased ionic conductivity of
the ionomer based RWs. To better understand the ionic conductivity performance differences of
the ionomer binder RWs versus PE binder RWs, electron microscopy was leveraged to inspect the
RWs’ porous structure and binder distribution. It is important to mention that RW-EDI
demonstrations were carried out with RWs composed of AER with CEI binder and mixed resin
with CEI binder (these results are presented in the section 5.2.5). The RW with AER and CEI
binder had the smallest porosity value but still operated effectively in a RW-EDI bench scale unit
and with better performance than the benchmark PE binder RW. The RW-EDI with RWs
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consisting of mixed resin with a CEI binder exhibited similar performance to the separation run
with RWs of AER with CEI binder. These results suggest that the RWs operate effectively in RWEDI units with porosity values in the range 13 to 24%.
5.2.3. SEM image analysis of resin wafers

Figure 5.2. SEM images of RWs (left: cross-section and right: surface): a) mixed resin with PE
binder, b) mixed resin with CEI binder, c) mixed resin with AEI binder, d) AER with CEI binder,
and e) CER with AEI binder
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Figure 5.2a-e gives cross-sectional (left) and surface (right) SEM images of PE binder RW
and ionomer binder RWs. The resin beads observed in each micrograph vary from 300 to 500 μm
in size. Figure 5.2a corresponds to the PE binder RW, and the images show PE enveloping the
surface of the ion-exchange resin particles with a relatively thick layer of PE and poor ionexchange resin particle to ion-exchange resin particle contact. The large surface coverage with a
thick PE binder hinders liquid solution contact with the ion-exchange resins, resulting in less ionexchange and fewer pathways for ion transport from particle to particle. Figure 5.2b-e shows
distinctly different distributions of binder and particle confinement within the ionomer binder RWs
when compared to the PE binder RW. From these images, the ionomer binder in each RW sample
is thinner and more evenly distributed to provide better adhesion between the ion-exchange resin
particles. Furthermore, the ionomer binder seems to cover particles’ surfaces less when compared
to the PE binder RW. The ionomer binder RW structures also feature notably large, porous gaps
that facilitate bulk liquid flow. This is important because the ionomer binder and exposed resin
particles are capable of ion-exchange with the liquid solution.
5.2.4 Analysis of desalination runs in RW-EDI setup
The superior ionic conductivity of the ionomer binder RWs, in addition to their
adequate porosity, motivated bench-scale RW-EDI studies to remove 99% NaCl (fed at 3,000 mg
L-1) from solution. This feed concentration was selected because it represents the upper end of the
brackish water concentration regime with a model solution. The bench-scale unit featured 4 pairs
of anion and cation exchange membranes, and 4 diluate and concentrate compartments. Thus, the
bench-scale EDI unit utilized 4 RWs for each EDI run with the different RW materials. The benchscale RW-EDI was operated under constant voltage and with recirculation of the diluate and
concentrate streams. Figure 5.3a reports the concentration of Cl- in the concentrate solution and
the diluate solution versus time. The bench-scale RW-EDI unit was run continuously under
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recirculation until 99% removal of NaCl (measured as Cl-) occurred from the diluate solution. Both
ionomer binder RWs, mixed resin with CEI binder and AER with CEI binder, resulted in a 25%
faster removal of NaCl from the diluate solution when compared against the RW-EDI run with the
benchmark wafer.

c)

Figure 5.3. EDI performance results with NaCl solutions and different RW materials. The EDI
demonstrations were carried out in batch mode under recirculation until 99% of NaCl was removed
from the diluate compartment. a) Concentration of concentrate and diluate streams versus time. b)
Removal productivity of NaCl (i.e., ion removal flux) vs removal ratio. c) Energy consumption for
Cl- removal. Two EDI runs were performed with each RW material. The average result is given in
each plot for each RW material, and the error bars represent the difference between the average
and one of the collected data points for the same RW sample.
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The faster removal of ions from the diluate stream with the ionomer binder RW was
ascribed to the materials’ ability to promote a higher rate of ion removal flux over the range of
NaCl concentrations in the diluate chamber. Figure 5.3b plots the removal productivity (the ion
removal flux) from the diluate compartment versus the removal ratio (see equation 5.1). As the
removal ratio increases, the amount of dissolved salt in the RW decreases resulting in greater
ohmic resistance for the dilute chamber. The larger resistance hinders the ion removal flux from
the diluate chamber, and thus, at constant applied voltage, the amount of electrical current that can
be passed through the RW-EDI stack is lowered. Under the same operation conditions of applied
voltages and feed flow rates, the removal productivity for the ionomer binder RWs as shown in
Figure 5.3b is 25% or more higher than the PE binder RW regardless of the removal ratio. The
higher removal productivities are attributed to the ionomer binder RWs’ higher ionic conductivity
values.
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 (%) = (1 −

𝐶𝑑𝑖𝑙𝑢𝑡𝑒
𝐶𝑓𝑒𝑒𝑑

) × 100%

<5.1>

Figure 5.3c presents the energy use (kWh) per kg of Cl- removed for the RW-EDI runs
performed with different RWs along with their respective removal productivities attained at 99%
removal. The ionomer RWs provided up to 4.3% reduction in energy consumption during the RWEDI run in comparison to the benchmark RW. Although the ionomer binder RWs exhibited
substantially better ionic conductivity and ion removal rates in RW-EDI, their improvement to
energy consumption was marginal but still laudable. The energy consumption could be reduced to
a greater extent by operating the RW-EDI unit in optimal condition of modulated applied electric
field (i.e., constant current), cation/anion-exchange capacity ratio in RW and the feed flow rate.
However, a constant current process would yield roughly the same time for clearing 99% of the
NaCl from diluate stream (assuming similar charge efficiency values for each EDI run with the
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different materials). Each RW would likely require different optimal operating conditions for EDI,
and in order to provide comparative data, the operation was not optimized in favor of any RW
sample. Under optimal operating conditions (i.e., applied electric field, flow rate, etc.), RW-EDI
has been reported to achieve <0.66 kWh/m3 for 90% removal of 5,000 mg L-1 NaCl 93 whereas the
desalination with a conventional resin wafer in this study corresponded to an average energy
consumption of approximately three times greater.
From a process economics viewpoint, energy consumption for RW-EDI is directly related
to the operating cost, whereas a RW-EDI unit capable of faster removal of ions from the dilute
solution translates to lower capital costs (due to a smaller unit for deionization) and operational
costs (primarily caused by using less ion-exchange membranes and RWs) 39. The results in Figure
5.3a-c demonstrate that ionomer binder RWs display faster ionic separations, while co-currently
using less energy, making them extremely advantageous for RW-EDI processes.
5.2.5 pH analysis of RW-EDI runs

Figure 5.4. pH changes in diluate solution over time during RW-EDI runs under recirculation with
different RW samples.
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Figure 5.4 depicts the change in diluate solution pH during the RW-EDI runs. This is
similar to other literature reports 64,94 showing pH shifts in the effluent of EDI. It appears that the
AER-CEI wafer shows the biggest change in pH for the diluate stream during EDI and this was
ascribed to greater water-splitting by this material. Since the CEI makes contact with the AER
across the whole RW and thus increases the number of bipolar junction sites for splitting water.
5.2.6 Demonstration of water splitting in ionomer binder resin wafers

Figure 5.5. Current-voltage (I-V) curves of bipolar membranes and RWs tested in a 4-point cell
used to assess water-splitting. The bipolar membranes tested include Fumatech® (commercially
available) and SPEEK-QAPPO with and without water dissociation catalysts. RWs evaluated
include mixed ion-exchange resins with PE binder (benchmark material), CEI binder with AER,
and an AEI binder with CER.
Figure 5.5 shows the current-voltage (I-V) response (i.e., polarization curves) of RWs and
bipolar membranes in a homemade 4-point cell used to assess water-splitting kinetics in bipolar
membranes. The inset in Figure 5.5 illustrates the low current response of RW materials and a
bipolar membrane without a water dissociation catalyst. The bipolar membranes were assessed as
a control against the RWs, and they include a commercial variant (Fumatech®) and homemade
variants with and without water dissociation catalysts. The homemade bipolar membranes
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consisted of a SPEEK cation-exchange membrane (CEM) adjoined to a QAPPO anion exchange
membrane (AEM). One homemade bipolar membrane contained a water dissociation catalyst
(aluminum hydroxide (Al(OH)3) nanoparticles) and another did not contain a water dissociation
catalyst. The RW materials assessed include the benchmark material (mixed resin with PE binder),
CER with AEI binder, and the AER with CEI binder. Figure 3.7a-c shows the experimental setup
and configuration of RWs, which was sandwiched between a CEM and an AEM, for testing. For
the Fumatech® and SPEEK-QAPPO bipolar membrane with a water dissociation catalyst, the
onset potential drop for current flow was observed at 0.8 V indicating relatively facile water
dissociation into H+ and OH- ion carriers in the bipolar junction of the membranes (note: the
thermodynamic potential to split water in a bipolar junctions is 0.83 V 56). However, the SPEEKQAPPO bipolar membrane without a water dissociation catalyst, and all RWs, displayed onset
potentials greater than 1 V and substantially lower current responses. These values indicate that
the bipolar junctions within these materials have large overpotentials for water dissociation and a
smaller population of bipolar junction regions (i.e., fewer sites to dissociate water which is needed
for amplifying the current response).
EDI processes can run continuously and without the need for chemicals for ion-exchange
bed regeneration because oppositely charged ion-exchange resin particles adjacent to each other
and distributed throughout the bed can dissociate water into H+ and OH- charge carriers 45,64. While
processing the diluate stream in EDI, very dilute conditions near the exit of the unit favor water
dissociation to provide the ionic charge carriers and maintain EDI current flow. Once the H+ and
OH- counterions are formed, a subset of them can exchange onto their oppositely charged resins.
The regenerated bed can then remove remaining salt ions from the interstitial solution through ionexchange 64 or by facilitating ion migration through the ion-exchange membranes. The reports for
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detecting water-splitting in mixed ion-exchange beds for EDI typically rely on monitoring the pH
of the effluent stream and current efficiency of EDI under very dilute conditions. Herein, an
external methodology was adopted in this report to assess water-splitting in RW materials. Because
the ion-exchange particles are immobilized in RWs, these materials were conducive for assessment
in a 4-point cell that is traditionally used for assessing water-splitting in bipolar membranes54.
Figure 5.5 shows water-splitting of AER with CEI binder RW that is 20-fold lower in
current response at 2 V than bipolar membranes with a water dissociation catalyst (Fumatech®)
and 4-fold lower current response than a bipolar membrane without a water dissociation catalyst
(SPEEK-QAPPO bipolar membrane without catalyst) at that same voltage. The previously
described RWs fabricated with ionomer binder were hypothesized to facilitate better watersplitting over benchmark RWs by increasing the population of bipolar junction sites throughout
the RW bed. In order to test this hypothesis, RWs composed of a CEI binder with only AER and
an AEI binder with CER were formulated. The current response for the RW with a CEI binder and
AER was marginally better than the mixed RW with PE binder but it was significantly lower than
the response observed with bipolar membranes featuring a water dissociation catalyst. In fact, it
was more similar to a bipolar membrane without a water dissociation catalyst.55 The improved
current response for the CEI binder AER RW over the benchmark mixed RW with PE binder was
attributed to larger population of bipolar junctions throughout the RW sample. The higher ionic
conductivity and better water-splitting kinetics of the CEI binder AER RW over the benchmark
material explained why this material has an almost 25% faster separation with a 4.3% reduction in
energy usage for 99% removal. We justify this increase in water-splitting through a continuum,
theoretical model (presented on the next page/paragraph) that relates the current response to the
concentration of effective bipolar junctions in the RW material.
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Mallouk and co-workers55 modelled the steady-state polarization behavior that conveys
water-splitting in bipolar membranes by equating the divergence of the molar flux equal to the
producton rate term:
∇ ∙ 𝐍𝐢 = 𝑅i

<5.2>

Where 𝐍𝐢 is the molar flux of a particular ion (e.g., the hydroxide ion or hydronium ion) and 𝑅𝑖 is
the production rate term of that ion.

We can assume that the reaction follows the following form and we assume it is not reversible in
the bipolar junction under reverse bias
BPJ

H2 O → H + + OH −
E

E: is the applied electric field

BPJ: bipolar junction

Here, the following rate-law is proposed
𝑅i = 𝜐i 𝑟i = 𝑘d 𝐶H2O 𝐶BPJ

<5.3>

𝐶BPJ : concentration of bipolar junctions in the RW
𝑘d : water-splitting reaction-rate coefficient
Because 𝐶H2O is in excess we can state that
𝑘′d = 𝑘d 𝐶H2O

<5.4>
90

And we assume that 𝑘d is a constant at a constant temperature and with no water dissociation
catalyst. 𝜐i , the stoichiometric coefficient is one.
Now, equation 5.1 can be integrated across the whole control volume in the wafer to get the total
molar flux of ions from water-splitting and plug in equation 5.2.

𝐍𝐢 = ∫𝑉 𝑅i 𝑑𝑉 = ∫𝑉 𝑘′d 𝐶BPJ 𝑑𝑉

<5.5>

Recall the assumption that 𝑘′𝑑 is a constant

𝐍𝐢 = 𝑘′d ∫𝑉 𝐶BPJ 𝑑𝑉

<5.6>

The total molar flux can be related to the current density using Faraday’s Law of Electrolysis

𝐢 = 𝑛𝐹𝐍𝐢 = 𝑛𝐹𝑘′d ∫𝑉 𝐶BPJ 𝑑𝑉

<5.7>

It is clear from the above derivation that the current response from water-splitting in the 4-pt cell
is dependent upon the reaction rate coefficient for water-splitting and the amount of effective
bipolar junctions in the RW control volume. The AER with CEI binder RW has a larger 𝐶BPJ value
resulting in a greater current response observed in Figure 5.5. Future research will look to
incorporate a water dissociation catalyst that can boost the reaction rate coefficient for watersplitting.
The insights attained from the results presented in Figure 5.5 motivate future studies to
incorporate water dissociation catalysts in RWs and to maximize populations of bipolar junctions.
Some examples include poly(acrylic acid), graphene oxide, or poly(vinyl pyridine) or metal
oxides/hydroxide)95,96.
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Finally, it should be noted that pH changes were detected in the diluate stream under
recirculation during RW-EDI runs (Figure 5.4) and the greatest pH change was observed for the
RW composed of AER with CEI binder. The larger pH change observed during the run suggested
that this RW material was most effective for water-splitting in EDI. This observation is in
agreement with the water-splitting measurement using the external 4-pt measurement which
indicated greater water splitting for the AER with CEI binder RW in comparison to the mixed
resin with PE binder. However, it should be mentioned that unequal ratios of fixed anion exchange
and cation exchange sites in the RW (see Table 5.1 for the amount of fixed anion exchange and
cation exchange sites in RW samples) may also cause pH changes in the diluate chamber.97

5.3 Conclusions

Ionomer binder RWs were developed for EDI as a replacement for benchmark RWs, which
are fabricated with a non-conductive PE binder. The ionomer binder RWs displayed superior ionic
conductivity (3-5x improvement), while maintaining adequate porosity, resulting in faster removal
of ions from aqueous streams with greater energy efficiency in RW-EDI demonstrations. Electron
micrographs revealed that the ionomer binders were a thinner and better distributed adhesive
throughout the RW bed to immobilize ion-exchange resin particles. The better binder distribution
facilitated greater ion exchange between the liquid and resin particles and delivery of ions to the
membranes. The water-splitting characteristics of these RWs were assessed in an external setup,
and it was determined that all RW materials split water 20x less effectively in comparison to
bipolar membranes that contain water dissociation catalysts. Notably, the ionomer binder RWs’
ability to split water was on the same order of magnitude to bipolar membranes not featuring a
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water dissociation catalyst. These observations motivate future efforts to develop RW materials
with water dissociation catalysts strategically placed in bipolar junction regions of RWs.
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Chapter 6. A High Power Thermally Regenerative Copper-Ammonia Redox
Flow Battery Enabled by a Zero Gap Cell Design, Low-Resistant Membranes
and Protective Electrode Coatings
6.1 Introduction
Harvesting low-grade waste heat as electrical power has been gaining popularity due to its
vast potential and abundant availability. Solid-state thermoelectric generators (TEGs) that use pand n-type semiconductor materials are currently the most mature direct thermal-electrical energy
conversion devices. However, this technology is economically unfavorable for large scale
conversions due to its high costs, poor modularity, and lack of energy storage capability.22,23
Liquid-based thermo-electrochemical cells (TECs) have advantages over TEGs being
cheaper and scalable with opportunities for energy storage.26,27 Thermally regenerative ammoniabatteries (TRABs), a type of TEC, emerged as a relatively new approach for waste heat energy
recovery.26,28,29,47,48,59,60 The distillation unit integrated with the battery, converts waste heat to
chemical energy and stores it where it can later be discharged as electrical energy upon demand.
The copper (Cu) meshes, which are used as electrodes, are immersed in aqueous copper salt
solutions and separated by an anion exchange membrane (AEM). The ammonia (NH3) added into
the anolyte, but not the catholyte, results in different potentials between the Cu electrodes. The Cu
anode gets oxidized and dissolves into the NH3 solution, forming a Cu2+ amine complex as per the
reaction, Cu + 4NH3 → Cu(NH3)42+ + 2e–, Eo = –0.04 V vs. SHE, while aqueous Cu2+ is reduced
and deposited on the cathode as per the reaction- Cu2+ + 2e– → Cu, Eo = +0.34 V vs. SHE, during
battery discharge. After discharging, NH3 is separated from the anolyte by distillation using waste
_________________________________
This chapter was previously published as, Varada Menon Palakkal, Thu Nguyen, Phuc Nguyen, Mariia Chernova,
Juan E. Rubio, Gokul Venugopalan, Marta Hatzell, Xiuping Zhu, Christopher G. Arges “A high power thermally
regenerative copper-ammonia redox flow battery enabled by a zero gap cell design, low-resistant membranes and
protective electrode coatings’’ ACS Applied Energy Materials, 2020, DOI 10.1021/acsaem.0c00400.
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heat and the designation of the chambers as anode and cathode are switched. The alternating cycle
of electrode dissolution/deposition allows the Cu electrodes to be maintained in closed-loop cycles,
and waste heat energy is stored in concentrated NH3 solutions that can later be recovered as
electricity on demand.
Previous reports have only considered two cell designs for the assessing the performance
of a TRAB: i.) a closed batch system (see Figure 6.1a) that embodies a traditional electrochemical
H-cell configuration27,28,47,48,59 and ii.) an electrodialysis type setup that has a spacer gasket
between the electrodes and membranes for the liquid solutions to flow through50 (see Figure 6.1b).
Until now, a zero gap design for the TRAB with flow of the anolyte and catholyte has not been
considered despite its ubiquitous use in redox flow batteries (RFB)27–29,47,48,50,59,98. There is
significant merit for the zero gap flow design for a TRAB (which is termed here as the ammonia
flow battery (AFB)) because this battery has a 0.4 V open-circuit voltage (OCV) and thus any
sources of resistance can quickly diminish the power output from the battery when extracting
electrical current. A zero gap design entails direct contact of the Cu mesh electrodes with an AEM
separator. The ohmic losses between the membrane and the electrode across the liquid electrolyte,
which are found in a traditional configuration, are eliminated with a zero gap design (see Figure
6.1d).
This chapter demonstrates substantial gains in the power density and ηth values of TRABs
by adopting a zero gap design, deploying a low-resistant and low cost AEM (quaternary benzyl
trimethylammonium poly(styrene-block-(ethylene-random-butylene)-block-styrene) (QASEBS)),
and by using highly conductive and selective ionomer coatings on the Cu mesh electrodes. The
use of more functional materials and re-engineering the cell resulted in an AFB peak power density
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of 280 W m-2 at 55 C – which is the highest peak power density for AFB in the peer-reviewed
literature.
b)

a)

c)

d)

Figure 6.1. a) Schematic figure of a closed-batch system of TRAB; b) Schematic figure of a
electrodialysis type flow design with non-zero gap. c) Sources of resistances with a non-zero gap
(i.e., electrodialysis or batch) setup; d) Sources of resistances in a zero-gap flow mode operation.
With a much higher power density AFB, a ηth value of 2.99 % was attained (37.9 %
relative to the Carnot efficiency ηth/C) and this is the highest value reported to date for an TRAB.
Also, the work here represents the highest ηth/C value for any type of electrochemical platform
(e.g., TRBs or thermally regenerative electrochemical cells (TRECs)) aimed at recovering lowgrade waste heat while also generating power density values over 100 W m-2. For example,
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TRBs have never achieved ηth/C values over 15%.29 However, a TREC platform report by Lee et
al. has displayed a ηth/C value of about 39.3%,99 which is close to what is reported here (37.6%),
but this report demonstrated a substantially lower power density (10 W m-2). High power density,
which is shown in this report, helps minimize the size of the system and alleviates capital costs
that can stymie commercialization of the technology. In summary, cell engineering and judicious
selection of functional materials were paramount for making a transformative change in AFB
performance.
6.2 Results and Discussion
Table 6.1 compares the performance of TRAB in this study to previous literature reports
in terms of maximum power densities attained.
Table 6.1 TRAB specifications and performance metrics from the literature and this work
Ref.

10

Membrane type

SelemionTM
AMV

Cell type

Batch

Anolyte

Catholyte

0.1 M Cu(NO3)2,
5 M NH4NO3
and 2 M NH4OH

0.1 M Cu(NO3)2
and
5 M NH4NO3

Temperature
(° C )

Pmax
(W m-2)

23

95

46

170

56

200

72

ηth

ηth/C

(%)

(%)

3.8
0.53

-

236

0.29

13

20-30

136

0.86

10.9

23

45

0.70

5

-

0.1M Cu(NO3)2,
3M NH3 and 5M
NH4NO3
0.2M Cu(NO3)2
3M NH4NO3
and 3M NH4OH

0.1M Cu(NO3)2
and 5M
NH4NO3
0.2M Cu(NO3)2
and 3M
NH4NO3

Batch

0.1M Cu(NO3)2,
5M NH4NO3
and 2M NH4OH

0.1M Cu(NO3)2,
and 5M
NH4NO3

20-25

106

0.760.97

7

Flow

0.1M AgNO3,
5M NH4NO3
and 2M NH4OH

0.1M AgNO3
and 5M
NH4NO3

23

31

0.41

3.8

9

SelemionTM
AMV

Batch

14

SelemionTM
AMV

Flow

11

Quaternary
benzyl
trimethylammoni
um
poly(phenylene
oxide)

13

SelemionTM
AMV

(table cont’d.)
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Ref.

Membrane type

Cell type

Anolyte

Catholyte

Flow

0.2M Cu(NO3)2
3M NH4NO3
and 3M NH4OH

0.2M Cu(NO3)2
and 3M
NH4NO3

23

AEM Ande
membrane

Flow

0.1 M CuSO4,
2.5 M
(NH4)2SO4and
1M NH4OH

0.1 M CuSO4
and 2.5 M
(NH4)2SO4

15

AEM Ande
membrane

Flow

0.1M Cu(NO3)2
5M NH4NO3
and 1M NH4OH

0.1M Cu(NO3)2
5M NH4NO3

This
work

Non-coated Cu
electrodes with
QASEBS

Flow

0.2 M
Cu(NO3)2, 3 M
NH4OH, and 3
M NH4NO3

0.2 M Cu(NO3)2
and 3 M
NH4NO3

This
work

SPEEK coated
Cu electrodes
with QASEBS

0.2 M
Cu(NO3)2, 3 M
NH4OH, and 3
M NH4NO3

0.2 M Cu(NO3)2
and 3 M
NH4NO3

22

SelemionTM
AMV

Flow

Temperature
(° C )

Pmax
(W m-2)

ηth

ηth/C

(%)

(%)

25

37

-

-

22.9

-

-

25

23.2

-

-

25

183

1.96

24.8

40

231

1.93

24.5

25

204

2.26

28.7

40

249

2.76

35.0

55

280

2.99

37.9

30

Table 6.2 Properties of SelemionTM and QASEBS AEMs and SPEEK materials
AEM

Conductivity (mS cm-1)

Thickness
IEC (mmol g-1)
(μm)

25 °C

40 °C

55 °C

SelemionTM

85

1.85 ± 0.04101

18.7 ± 2.5

25.7 ± 3.8

29.7 ± 2.9

QASEBS

89

0.34 ± 0.03

55.7 ± 8.9

66.0 ± 4.3

87.0 ± 2.2

SPEEK

64

1.61 ± 0.01

15.7 ± 0.5

19.9 ± 2.8

25.6 ± 1.7

AEMs’ ionic conductivity values are reported for the NO3- counterion form. SPEEK’s ionic
conductivity was assessed in the Cu2+ counterion form. The error bars represent the absolute
difference from the average for n=2 samples tested.
6.2.1 TRAB performance with zero gap and non-zero gap design
Figure 6.2a presents the cell voltage (V) versus current density (i.e., polarization curve)
and power density versus current density (i) for zero gap and non-zero gap TRAB configurations
with a commercially SelemionTM AEM separator. The V-i curve for the non-zero gap design
displayed a steep, linear curve indicating that there were large ohmic resistances within the cell
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that limited the power density. Conversely, the slope of the zero gap AFB’s polarization curve
with SelemionTM AEM was less steep and showed a pseudo-exponential drop in cell voltage at
low current density – which was indicative that the activation overpotential was more prominent
at the lower current density for the zero gap configuration. With the adoption of a zero gap
configuration, the peak power density of the AFB increased by 1.6× (55 W m-2 versus 35 W m-2).

a)

b)

Figure 6.2. a) Voltage (left y-axis) and power density (right y-axis) versus current density for the
different TRAB cell configurations: non-zero gap with commercially sourced SelemionTM AEM
and zero gap mode with SelemionTM AEM at 25 °C. b) Nyquist plots from EIS experiments
during TRAB operation at 25 °C in a zero gap and non-zero gap design with SelemionTM AEM.

To substantiate the role of the reduction in ohmic resistances for improving TRAB power
density, electrochemical impedance spectroscopy (EIS) was collected for the different
configurations of the TRABs. Figure 6.2b presents the Nyquist plots attained from EIS. The high
frequency resistance (HFR) was reduced by 4.2× (7.5 Ω-cm2 to attained 1.8 Ω-cm2) for the zero
gap configuration over the non-zero gap when using the SelemionTM AEM. The reduction in ohmic
resistances accounted for the higher power density of the zero gap configuration over the non-zero
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gap configuration observed in Figure 6.1a. The reduction in ohmic resistances for the zero gap
design was achieved by eliminating the ohmic contributions from the liquid electrolyte that
normally separate the AEM and Cu mesh electrodes in non-zero gap design (Figures 6.1c and
6.1d).
6.2.2 AFB performance with different AEM separators
a)

b)

Figure 6.3. a) Voltage and power density versus current density at 25 °C for the zero gap AFB
with different AEMs: SelemionTM and QASEBS; b) Nyquist plots of the AFB at 25 °C and open
circuit voltage with SelemionTM AEM and QASEBS AEM.
Figure 6.3a depicts the V-i curves for the zero gap design for two types of AEMs at room
temperature. Compared to the commercially SelemionTM AEM, the QASEBs AEM in the AFB
generated a smaller ohmic drop as the slope of the line in the middle part of the polarization curve
was less steep. The reduction in ohmic resistances in the zero gap AFB with a more conductive
AEM (Table 6.2) boosted the peak power density from 55 W m-2 to 183 W m-2. Interestingly, a
limiting current density (i.e., the asymptotic drop in the V-I curve) was observed in Figure 6.3a
with the AFB featuring a zero gap configuration and QASEBS AEM. To the best of our
knowledge, this is the first time a limiting current, which corresponds to mass transfer resistances
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in the electrodes, has been observed in an AFB. The observation of limiting current highlights that
the ohmic resistances have been minimized in the AFB cell and running the cell at high current
density becomes limited by delivery of reactants to the electrode surface.
Coupling the zero gap design with the low resistant QASEBS AEM substantially improved
the peak power density of the AFB (from 35 W m-2 for non-zero gap with SelemionTM AEM at 25
°C to 183 W m-2 with a zero gap and QASEBS AEM – a 5.2× improvement). There has only been
one other literature report47 assessing AFB performance with an alternative AEM to commercially
available SelemionTM. This previous report investigated quaternary benzyl trimethylammonium
functionalized poly(phenylene oxide) AEM and it showed a 25% improvement in AFB power
density due to its 30% lower ohmic resistance. However, this report only studied a non-zero gap
AFB design and showed a maximum peak power density of 110 W m-2 at room temperature. In
comparison, the combined effect of a zero gap AFB and a low resistant QASEBS AEM yielded a
much better peak power density of 183 W m-2 at room temperature. Hence, more conductive AEMs
only have a limited effect on improving the power density of AFBs. Further, it was also observed
that a zero gap AFB with the commercially available SelemionTM AEM had marginal gains in peak
power density. The substantial improvements in AFB peak power density hailed from combining
a low-resistant AEM and zero gap AFB design that worked additively for reducing ohmic
resistances.
To substantiate that the QASEBS AEM fostered smaller ohmic resistances in the zero gap
AFB, EIS experiments were performed with the zero gap AFBs with the different AEMs. The
QASEBS AEM reduced the HFR seen in the Nyquist plot (Figure 6.3b) for the AFB from 1.5 Ωcm2 to 0.2 Ω-cm2. This represents a 7× reduction by just switching the AEM material. The higher
ionic conductivity of the QASEBS AEM over the SelemionTM AEM (Table 6.2) was responsible
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for the further reduction in HFR. Comparing the HFR of the non-zero gap configuration with a
SelemionTM AEM to the zero gap design with a QASEBS AEM, there is a 32× difference in the
HFR values. The EIS experiments presented in Figs. 6.2b and 6.3b convey that it takes a drastic
reduction in ohmic resistances to extract more power from the AFB. Hence, other resistances, like
reaction kinetics and mass transfer, contribute more to the AFB’s polarization as ohmic resistances
have been significantly reduced.
The peak power density of 183 W m-2 for the zero-gap AFB was obtained with a QASEBS
AEM separator at room temperature (20~25 C) and this marks a 32% improvement over the stateof-the-art peak power density reported at room temperature: 136 W m-2 48. The peak power density
values for room temperature AFBs in the literature using a non-zero gap design ranged from 20 W
m-2 to 136 W m-2 47,48,50,59 (Table 6.1). The previous state-of-the-art value was attained for a case
that used a higher NH3/NH4 concentration (3 M NH3 in the anolyte and 5 M NH4NO3 in the
catholyte). Overall, a low resistant AEM separator and a zero gap design provided a 32%
enhancement in peak power density compared to the state-of-the-art peak power density value for
an AFB at room temperature.
6.2.3. Zero gap AFB performance with SPEEK coated Cu electrodes
Prior to studying how temperature affects TRAB polarization and power density, we
attempted to improve the TRAB power density by addressing the kinetics and Faradaic efficiency
of the Cu electrodes. Notably, TRABs are known to suffer from poor Faradaic efficiency due to
parasitic site reactions that involve Cu oxidation with hydroxide ions and oxygen species.48 As a
result, the reported anodic Faradaic efficiencies for the cell are typically less than 40%. Herein, it
was initially hypothesized that cation selective ionomer coating on the Cu mesh electrodes may
mitigate interaction of hydroxide anions and dissolved oxygen during Cu oxidation. To keep the
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TRAB costs down, a low-cost hydrocarbon cation exchange ionomer solution was synthesized via
sulfonation of commercially available PEEK. This ionomer was dissolved in NMP solvent and
spray deposited on to both Cu mesh electrodes and tested in the zero gap AFB setup with a
QASEBS AEM.
Figure 6.4a shows the V-i curves and power density curves for the zero gap AFB with
QASEBS AEM with SPEEK coated Cu mesh electrodes and non-coated Cu mesh electrodes. The
SPEEK coated Cu electrodes provided an extension of the current density in V-i curves leading to
an increase in the limiting current from 1150 A cm-2 to about 1450 A cm-2. Extracting more current
at a higher cell voltage generated a maximum power density of 204 W m-2 at 25 C – which is
about a 15% improvement in the peak power density at 25 C over the zero gap configuration with
QASEBS AEM but featured no coating on the Cu mesh electrodes. EIS data provided in Figure
6.4b shows that the SPEEK coated Cu electrodes reduced the charge-transfer resistance (Rct, the
diameter of the semi-circle in the Nyquist plots) from 2.0 Ω-cm2 to 0.7 Ω-cm2 without changing
the HFR values of the AFB. Table 6.3 provides the HFR and Rct values from fitting the Nyquist
plot data to an electric circuit equivalent model presented in Figure 6.4c. It is worth noting that the
Rct values are higher than the 0.24 Ω-cm2 HFR for the zero gap AFB with the QASEBS AEM.
However, the Rct values when using SPEEK coated Cu mesh electrodes are lower than the HFR
values observed for the non-zero gap AFB (7.8 Ω-cm2) and smaller than the zero gap AFB with
the SelemionTM AEM (1.8 Ω-cm2).
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b)

a)

c)

d)

R = High-frequency resistance
s

R = Charge-transfer resistance
ct

Y = constant phase element
W= Warburg element

Figure 6.4. a) V-i and power density curves for the zero gap AFB with QASEBS AEM featuring
non-coated Cu mesh electrodes and SPEEK coated Cu mesh electrodes. b) Nyquist plots for the
zero gap AFB with QASEBS AEM with non-coated Cu mesh electrodes and SPEEK coated Cu
mesh electrodes at 25 °C with fitted data using c) electric circuit equivalent model. d) V-i curves
and power density curves of SPEEK coated Cu mesh electrodes with QASEBS AEM in zero gap
AFB operated at the different temperatures of 25 °C, 40° C, and 55 °C.
Table 6.3 Ohmic and charge-transfer resistances from EIS experiments
Rs (Ω-cm2)
0.24
0.19

Electrode type and AEM type
Non-coated Cu meshes + QASEBS
SPEEK coated Cu meshes + QASEBS
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Rct (Ω-cm2)
2.00
0.69

In a separate experiment, the Faradaic efficiency of Cu mesh electrodes with and without
SPEEK coatings were assessed. The cathode Faradaic efficiencies for both electrode variants were
near 100 % (a non-coated Cu cathode exhibited 103 % efficiency and SPEEK coated Cu cathode
displayed 104 %) and this was in agreement with other literature reports.48,50 The addition of
SPEEK to the Cu mesh electrode boosted the anode Faradaic efficiency from 37 % (non-coated
Cu) to 46 %. Overall, a reduction in Rct with SPEEK coated Cu electrodes and increase in the
anode’s Faradaic efficiency, plus the zero gap AFB with a low-resistant AEM, gave rise to an AFB
capable of generating 204 W m-2 at 25 C. Note that the Nyquist plot in Figure 6.2b for the nonzero gap TRAB and zero gap AFB with SelemionTM AEM did not display tails in the lowfrequency regime signaling that these cells were dominated by ohmic and charge-transfer kinetic
resistances. Conversely, Figure 6.4b shows tails in the low-frequency regime of the Nyquist plot
and this signifies that the ohmic resistances have been reduced so much that the cell performance
is under mixed kinetic-diffusion control. Hence, diffusion-control aspects observed in the Nyquist
plots in Figure 6.4b accounts for the limiting currents seen in polarization curves (Figures 6.3a and
6.4a) for the zero gap AFB with QASEBS AEM.
Now that the SPEEK coated Cu meshes have moderately reduced the kinetic losses in the
AFB, the polarization and power density of the zero gap AFB with the QASEBS AEM was
evaluated at elevated temperatures of 40 C and 55 C (Figure 6.4c). Elevated temperatures
enhance the ionic conductivity of the QASEBS AEM (Table 6.2) and electrode kinetics (e.g., the
exchange current density is linearly proportional to the reaction rate coefficient which can be
described by the Arrhenius equation). As a result of the elevated temperatures, the peak power
density of the AFB increased to 280 W m-2 at 55 C. Additionally, the increase in operating
temperature of the AFB extends the limiting current: 1500 A m-2 versus 1450 A m-2.
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Unexpectedly, the open circuit voltage (OCV) for the AFB increases with the SPEEK
coated Cu electrodes to 0.5 V and slightly rises with increasing temperature (0.52 V at 40 C and
55 C). The OCV for all zero-gap AFB configurations was about 50 to 100 mV higher than what
was expected based upon the half-cell potentials (Figure 6.2a). The origin(s) for the slightly higher
OCV values is currently unknown, but it is not due to the Donnan potential across the AEM as the
concentration differences only manifests about a 10 mV rise. It is suspected that the deviations in
OCV may be attributed to parasitic reactions in the anode (e.g., copper with hydroxide ions). As
seen on the copper Pourbaix diagram102, it is possible that up to 95 to 100 mV could be added to
the cell voltage for the Cu electrode being converted to Cu2O at about pH 10.
In summary, deploying a cation selective ionomer on Cu mesh electrodes in the AFB with
a low-resistant AEM and a zero gap design yielded a peak power density of 280 W m -2 at 55 C.
This is the highest power density value for an AFB in the peer-reviewed literature. Table 6.1
compares the peak power density values in this report against other data available in the literature
for different AFB configurations. Results here demonstrate that cell engineering and new
membrane and electrode coating materials have made an indelible impact on the power density of
the AFB.
6.2.4 Evaluation of cathode kinetics and current distribution analysis of the AFB with
different configurations.
This section examines how the reduction in ohmic overpotential, in relation to cathode
kinetics, impacted AFB performance. First, the intrinsic kinetic parameters (Tafel slope and
exchange current density (io,c)) for the Cu2+ reduction reaction were measured in H-cell setup with
a reference electrode by performing linear sweep voltammetry (Figure 6.5a). The polarization
behavior of the cathode was processed and analyzed using the Butler-Volmer equation to attain
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the Tafel slope and io,c. These values were used to inform the cathode overpotential for the various
AFB configurations as a function battery current density.
b)

a)

c)

d)

Figure 6.5. a) Tafel plot of the cathode for both non-coated and SPEEK coated Cu electrodes;
Polarization curve and contributions of ohmic and cathodic overpotentials at different discharge
current densities for b) Non-zero gap mode with non-coated Cu; c) Zero gap mode non-coated
Cu with QASEBS AEM in AFB; d) SPEEK coated Cu with QASEBS AEM in AFB operated at
25 °C.
Figures 6.5b – 6.5d compare the cathode overpotential contribution against the ohmic
overpotential term for the different AFB configurations at room temperature. The ohmic
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overpotential was determined by using the measured HFR of the AFB and Ohm’s Law. The anode
overpotential could not be considered because of the poor Faradaic efficiency of the anode due to
parasitic reactions. In other words, the competing reactions prevent the experiment from extracting
reliable kinetic parameters for the desired reaction. The overpotential losses for the non-zero gap
AFB presented in Figure 6.5b shows that the ohmic overpotential was similar in magnitude to the
cathode activation overpotential. Conversely, Figs. 6.5c and 6.5d depict that the ohmic
overpotential is significantly smaller than the cathode activation overpotential for the zero gap
AFB with and without SPEEK coated Cu mesh electrodes. For instance, operating the AFB at
1000 A m-2 results in an ohmic overpotential of about 30 mV whereas the cathode activation
overpotential for the zero gap AFB with a QASEBS AEM without and with SPEEK coated Cu
mesh electrodes was about 200 mV and 110 mV, respectively.
As seen in Figure 6.5a, the cathode kinetic parameters are more favorable when the Cu
electrode contains a SPEEK coating as the Tafel slope is reduced from 345 mV per decade of
current to 200 mV per decade of current and the exchange current density is higher (3.2 A cm-2
versus 2.5 A cm-2). Hence, the SPEEK coating on the electrodes not only boosts the Faradaic
efficiency for the anode, but the coating also enhances the cathode reaction that reduces Cu2+ to
metallic Cu. Recall, that a reduction in charge-transfer resistance was observed for the AFB that
featured SPEEK coated Cu electrodes (Figure 6.4b) and this signified improved reaction kinetics
in the AFB. The improved Cu2+ reduction kinetics with the SPEEK coating are attributed to the
selectivity of cation exchange ionomer coating that favors Cu2+ uptake and transport to the
electrode surface and that prevents unwanted anion (e.g., nitrate) interference with the electrode
surface.
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Overall, the current distribution analysis herein shows: i.) the ohmic overpotential has been
minimized in the AFB through a zero gap design and the implementation of a low-resistant
QASEBS AEM, ii.) the addition of a SPEEK, a cation selective coating, improves the anode
Faradaic efficiency and the reaction kinetic parameters for the cathode, and iii.) the anodic Faradaic
efficiency and cathode activation overpotential both need to be improved further for extracting
great power density from the AFB. Any further reduction in AFB ohmic resistances would result
in diminished returns for improving the AFB power density as activation overpotentials, and even
mass transfer overpotentials (observed by the limiting current density and the tails in the Nyquist
plots), are now hampering battery performance.
6.2.5 Evaluation of thermal energy efficiency

a)

b)

Figure 6.6. a) Thermal energy efficiency (ηth) values plotted against AFB maximum power
density for different battery configurations. The ‘X’ symbols correspond to the thermal energy
efficiency values relative to the Carnot efficiency (ηth/C). b) The ηth and ηth/C values of the
regenerative electrochemical platforms for recovering low-grade waste heat. The TREC values
(red) 16, the TRB in this work (SPEEK coated Cu with QASEBS AEM in zero gap mode) at
various temperatures, TRB values from previous reports- (black)59 and (green).48
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Figure 6.6a plots the ηth and ηth/C values versus peak power density values for the different
AFB demonstrations. These calculated efficiency values were based upon previous literature
reports48,59 that used 30% ammonia utilization in the anolyte. From this plot, it is clear that a linear,
commensurate scaling relationship exists between power density and ηth and ηth/C values indicating
that cell engineering and new materials for increasing AFB power density can manifest significant
improvements in waste heat recovery. A maximum ηth value of 2.99 % (ηth/C = 37.9 %) was
achieved at 55 °C when using the optimal AFB configuration and these efficiency values are the
highest in the peer-reviewed literature for TRBs (Table 6.1). They are also competitive with the
largest ηth/C values seen in TRECs99 but the optimized AFB reported herein have over a 20× greater
power density (Figure 6.6b). The advantage of a system with greater power density translates to a
smaller system size and reduced capital costs.
Although substantial gains were made in ηth and ηth/C, it is important to mention that TEG
devices show ηth values around 5 to 8% and that the drastic improvements in AFB performance
have yet to achieve parity with TEGs. However, it may be possible to put the AFB on the same
performance plane as TEGs through optimizing electrolyte composition and electrode structure –
both integrated with the optimal AFB design reported here. Furthermore, if the AFB could operate
with a lower NH3 content in the anolyte, it is possible to reduce the heating energy needed for NH3
distillation (Qin). Another strategy for improving the ηth values for the AFB is to leverage NH3
membrane distillation. Outfitting traditional distillation units103 with membranes can reduce the
energy duty for distillation. In summary, improving AFB power density can increase ηth and ηth/C
values, but efforts should also be made to increase ηth values through re-engineering the solution
composition and considering alternative distillation techniques.
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6.2.6 Cycling stability analysis
a)

b)

Figure 6.7. a) Discharge current and b) power produced for the AFB run under constant voltage
hold of 0.3 V for 8 cycles with the anolyte and catholyte exchanged every 10 minutes, at a flow
rate of 2 mL min-1
Another important consideration for the AFB beyond its power density and its relation to
thermal efficiency is its cycling stability. The cyclability limitations of the zero gap AFB with a
QASEBS AEM and SPEEK coated Cu mesh electrodes (i.e., the best variant to date of the
technology) was evaluated by switching the electrolyte solutions to the respective compartments
every 5 minutes and measuring the battery’s current response when discharging it at a constant
voltage of 0.3 V. Because of the nascent stage of the AFB technology, a distillation system for
transferring NH3 between compartments was not pursued in this work but will be evaluated in
future studies. Figs. 6.7a and 6.7b report the AFB’s current and power as a function of time at 25
C when reversing the electrolyte solution paths. These plots show an increase in current as time
passes because the electrolyte solutions finally reach the electrode layers and remove the residual
deionized water from cleaning the battery between cycles (note: the AFB is flushed with DI water
between cycles). The best variant of the zero gap AFB operates at a fairly large current and thus
excess discharge time could lead to dissolution of the electrode. Figs. 6.7a and 6.7b demonstrate
that the AFB can continue to operate over 7 five-minute cycles. After the seventh cycle, the side
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of the battery that contained that anode initially was completely dissolved. The fading of the zero
gap AFB performance after 7 cycles reflected observations made in other AFB studies 50 and thus
illustrates that the zero gap AFB has the same stability limitations of non-zero gap AFB literature
results.
The inability to maintain battery stability past 7 cycles with the zero gap AFB was
attributed to the poor anodic Faradaic efficiency – which causes Cu leaching from the anode side
that does not match the electrical current passed. Additionally, non-uniform Cu plating on the
cathode when reversing the battery can also exacerbate battery instability when the cathode
chamber becomes the anode chamber in the next cycle. In other words, the Cu mesh electrodes
eventually become thin in some places and thick in other places. The thin areas eventually become
severed and when enough of these connections have been eliminated the battery fails. The
problems of poor anodic Faradaic efficiency and uniform Cu plating needs to be addressed in
future studies for the AFB to be a viable option for low-grade waste heat recovery.
Today’s commercialized TEGs typically cost $0.50 to $20 per Watt of energy delivered.23
To exceed the proposition of TEGs as a means for converting low-grade waste heat to electrical
energy, it is important to realize an AFB constructed with low-cost materials that manifest a cost
of <$0.50 per Watt of energy delivered. The AFB already uses Cu, NH3 and nitrate type salts – all
of which are very low cost. The most expensive component relates to the AEM and all literature
reports, except one,47 typically use thick and high-cost electrodialysis membranes that run about >
$500 m-2. The QASEBS AEM reported herein utilizes a base polymer (SEBS) that costs of about
$1.70 per kg. Because the reaction steps for the conversion of SEBS to QASEBS is simple and
deploy cheap reactants, it is possible to realize an AEM at < $70 m-2. Bae and co-workers have
recently shown a more facile scheme to produce AEMs from commercially available SEBS at
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large scales104. The SPEEK coating applied to the Cu mesh electrodes is less than 1 mg cm -2 and
its small loading is considered negligible when factoring the total material costs of the AFB. Plus,
SPEEK is synthesized from commercially available PEEK using a simple and straightforward
direct sulfonation reaction 14. With the peak power density of 280 W m-2 and a low-cost AEM, it
is possible to deliver an AFB at a cost near $0.50 Watt-1 putting it on a par with TEG costs.23
6.3 Conclusions
The highest power density to date for an AFB, 204 W m-2 at 25 °C and 280 W m-2 at 55
°C, was demonstrated in this work. As a result of improving AFB power density, the ηth
increased to 2.99 % (37.9 % to the Carnot efficiency) and this represents the highest efficiency
relative to Carnot for any type of TRB. The significant gains in AFB performance were achieved
by i.) reducing the ohmic overpotentials through the use of zero gap design and incorporating a
highly conductive QASEBs AEM, and ii.) application of a SPEEK ionomer coating on the Cu
mesh electrodes that reduced reaction kinetic losses at the cathode and parasitic reactions at the
anode. The new materials employed in the AFB derive from low-cost, commercially available
polymers (e.g., SEBS and PEEK) and the newly redesigned AFB configuration has a cost that is
on par with today’s TEG devices (~ $0.50 Watt-1). Future work will look to examine the stability
of these materials under relevant TRAB conditions. A current distribution analysis of the zero
gap AFB design showed that the cell is now primarily limited by reaction kinetics and mass
transfer as the ohmic losses in the cell have been minimized. Finally, a critical factor to the
maturation of AFB technology is addressing the Faradaic efficiency problem of the anode and
improving the cycling stability of the battery. Further, efforts are also needed to reduce the
energy needed for NH3 distillation by optimizing the electrolyte composition of the newly

113

redesigned AFB configuration and considering non-traditional NH3 separation methods for
extracting greater ηth values.
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Chapter 7. Addressing Spacer Channel Resistances in MCDI Using Porous
Ionic Conductors
7.1 Introduction
The spacer channel is the component that facilitates the flow of the feed saline solution through
the MCDI unit. The traditionally used spacer material constitutes a nylon or any electrically
insulating woven mesh material105,106. Literature reports on spacer channel studies in MCDI show
that the geometry and construction materials of the spacer strongly affects the MCDI's overall cell
resistance and the flow patterns of the feed.107 Additionally, the ion transport is hampered in the
spacer compartment at low concentrations as there are no fixed charge carriers to augment the
ionic conductivity. As a result of the low ion transport, the device is regulated by the sluggish ion
transport when compared to electrode charging.108 Alternatively, improving ion-transport rate can
be achieved by a turbulent flow type within the spacer channel compartment. The turbulent flow
can be achieved by packing the compartment with MCDI's spacer compartment with granular fiber
or spongy separators. 107
Previous literature reports show enhanced deionization rate by incorporating activated
carbon fibers, loose ion-exchange resin beads etc. From the results of experiments and EIS
characterization, in Chapter 4, it was revealed that the spacer channel is a source of high resistance
in the MCDI unit. A 5-10-fold reduction in membrane ASR reveled only a 2-fold reduction in
energy consumption. Any further reductions in the ohmic resistance of the MCDI unit would
require addressing the spacer channel resistance. Deriving inspiration from the cell design of
electrodeionization (EDI), the incorporation of a resin wafer – which serves the purpose of an
electrical insulator as well as a porous ion-conductive material, was hypothesized as a potential
spacer material for MCDI. However, incorporation of the resin wafer into the MCDI unit has been
challenging due to stack leakage and large pressure build ups. Hence, resin wafers were
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unsuccessful for addressing spacer channel resistances in MCDI. Since ionomer binders enhance
ionic conductivity in resin wafers, they were postulated to enhance ionic transport when used as
coatings in spacer channel. Thereby, it was decided to coat the traditional nylon spacer with
solution processable ionomers. This section details preliminary studies done on developing and
testing ionomer coated nylon spacers for addressing spacer channel resistances in MCDI.
7.2 Results and Discussion
7.2.1 Imaging by scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDX)

a)

b)

200 μm

50 μm

Figure 7.1. SEM images of ionomer coated nylon meshes: a) SPEEK coated at 200 micron scale
bar; b) QAPSf coated at 50 micron scale bar.

Figure 7.1 shows the SEM images of the ionomer coated spacer channel: both SPEEK and QAPSf
coated. The spray coated ionomer forms a layer on the mesh without blocking the pores. These
SPEEK coated nylon and QAPSf coated nylon meshes were introduced into the MCDI setup and
desalination runs were performed at constant current densities for 2 different concentrations of
NaCl feed solutions – 500 ppm and 1000 ppm TDS.
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a)

b)

Figure 7.2. Images from EDX mapping performed on the ionomer coated nylon spacers- a) SPEEK
coating- Carbon (grey), Sulfur (yellow); b) QAPSf coating on nylon – Carbon (red), Chlorine (red).

Figure 7.2 shows the energy-dispersive x-ray spectroscopy (EDX) mapping performed to ascertain
the elemental composition for characterizing the deposited ionomer material on the nylon spacer.
Figure 7.2 a shows a 35% relative composition of S, compared to C content denoting sulfonic acid
groups in the SPEEK, whereas in Figure 7.2b, shows 17% relative percentage of Cl, denoting the
presence of counterion of QAPSf.
7.2.2 MCDI runs
Figure 7.3a depicts the charge-discharge cycles for MCDI in both configurations: employing the
traditional nylon spacers and SPEEK and QAPSf ionomer coated spacers. These desalination runs
were performed with 500 ppm NaCl as feed solution. It is evident from Figure 7.3a that the voltage
rise during the charging cycles are higher with the pristine nylon compared to the coated nylon
spacer for constant current application. This implies that the energy expended in the charging
process would be lower with the ionomer coated spacer. This is substantiated by the results in
Table 7.1 which shows a 39.5% reduction in energy expended per ion removed from the MCDI
cell. This was achieved by lowering the cell voltage rise, which was made possible by employing
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ion-conductive spacer materials that improve ionic conductivity and transport for the given amount
of electrical charge applied.
a)

b)

Figure 7.3. Charge discharge cycles for inlet of 500 ppm NaCl solution comparing MCDI
desalination runs with regular nylon spacer (black) and ionomer coated nylon spacer (red) b)
corresponding effluent concentration over time

Table 7.1. Figures of merit for MCDI with the different spacer configurations at 500 ppm (operated
at 0.08A/-0.08A constant current for charge and discharge) and 1000 ppm (operated at 0.12A/0.12A constant current for charge and discharge) feed inlet concentrations
Spacer
type
Regular
nylon
Ionomer
coated
nylon

Salt removal rate
(%)
500
1000 ppm
ppm

Coulombic efficiency
(%)

Energy consumed
(kT ion-1)

Energy recovery
(%)

500 ppm

1000 ppm

500 ppm

1000 ppm

500 ppm

1000 ppm

28

24.9

69.9±2.3

60.8±1.3

68.9±2.2

75.7±3.7

14.6±2.2

11.3±0.8

28.8

24.8

83.9±8.8

76.2±6.6

41.7±6.1

47.5±4.4

20.3±6.1

62.3±12.1

Similarly, for a feed NaCl solution of 1000 ppm, the energy expended for salt removal when MCDI
was operated under a constant current density showed a 37.25% reduction with the ionomer coated
spacer. The salt removal efficiencies attained were the same since the current applied was constant.
The coulombic efficiency values of the process were enhanced with the ionomer coated spacer in
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the MCDI. Another parameter that displayed significant improvement was the energy recovery.
The discharge step in each desalination run was executed by the application of a reverse constant
current until the voltage reached 0. As observed from Figure 7.3, the time taken for desorption/
discharge was shorter with the ionomer coated spacers than with the pristine nylon.
7.3 Conclusions
The investigation of the ohmic overpotentials in an MCDI setup revealed that the spacer
channel is a major source of resistance, contributing to the highest source of ohmic loss in the cell.
Further improvements in the energy efficiency of MCDI process would require addressing iontransport in the spacer channel resistance. A modified spacer channel based on a cation-exchange
ionomer coated nylon and anion-exchange ionomer coated nylon were explored as potential ionconductive spacer channel materials to improve the ion-transport rate and reduce the energy
consumption for desalination. These improved spacers rendered up to 40% reduction in energy
consumption for charging and enhanced the rate of discharge in addition to improving the
percentage energy recovery during the discharge cycle. This study highlights the importance of
separator materials for an energy efficient operation of MCDI and desalination performance.
Further, it motivates future studies on alternate spacer materials based on ion-conductive polymer
coating or grafted ionic polymers on the traditional nylon mesh to aid faster ion-transport that
accelerates deionization and desorption rates. Another concept to explore is to examine how
grafted-type ion-exchange polymers onto the nylon supports affect ionic conductivity and
deionization. This architecture could promote ionic conductivity in spacer channels without
impeding bulk fluid flow.
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Chapter 8. Conclusions and Future Work
8.1 Conclusions
This Dissertation demonstrates improvements in thermodynamic efficiency and
performance of MCDI, RW-EDI, and TRABs through addressing ohmic resistances. The reduction
of ohmic resistances were realized through thinner, and more conductive ion-exchange
membranes, in addition to new porous ion-conducting materials being developed to address spacer
channel resistances – which is a significant challenge for the electrochemical separations
community. In addition to device level demonstrations, the material and structural properties of
various ion-exchange chemistries, as membranes and porous conductors, were investigated. The
Dissertation unequivocally shows that ohmic resistances with the new materials are primarily
addressed by the addition of fixed charge carriers that are distributed uniformly over the control
volume for promoting ionic conduction.
In MCDI, the implementation of thinner and highly ion-conductive ion-exchange
membranes resulted in reduction of area specific resistance (ASR) of the IEMs, which in turn
reduced the ohmic losses that stem from IEMs in the MCDI cell. Consequently, reducing the ASR
by a factor of 5 to 10 times with unconventional IEMs, poly(arylene ether) and perfluorinated
chemistries, translated to a 50% reduction in energy expended per ion removed in the MCDI cell.
However, further gains in energy efficiency demanded addressing ohmic resistance of the spacer
channel in MCDI. For this purpose, resin wafer materials that are porous substrates in which ionexchange resins are immobilized using a polymeric binder. The traditional non-conductive
polymer binder in these RWs were replaced by ionomer binders that improved material
performance. These new ionomer binder RWs displayed superior ionic conductivity (3-5x
improvement), while maintaining adequate porosity, resulting in faster removal of ions from
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aqueous streams with greater energy efficiency when used in RW-EDI demonstrations. The
distribution of binder facilitated greater ion exchange between the liquid and resin particles and
delivery of ions to the membranes. These improved performance in desalination using ionconductive porous substrates motivated implementing them as spacer materials in MCDI as well.
However, ionomer binder RWs were not successful for use in MCDI because of obfuscation of
bulk fluid flow in thin channels. To overcome this problem, thin ionomer coatings were deposited
on to porous nylon fabrics leading to thin, porous ionic conductors. Initial experiments demonstrate
the effectiveness of this strategy for improving MCDI energy efficiency and performance, and
surprisingly energy recovery.
With respect to energy conversion, ammonia-copper redox flow batteries, a type of thermally
regenerative battery was upgraded in performance by deploying high performance ion-exchange
materials. The remarkable gains in power production and thermal to electrical conversion
efficiencies which are desirable parameters in TRABs, were achieved by reducing the ohmic
overpotentials through the use of zero gap design and incorporating a highly conductive QASEBs
AEM, and also the application of a SPEEK ionomer coating on the Cu mesh electrodes. This
assisted further reduction in reaction kinetic losses at the cathode and parasitic reactions at the
anode.
8.2 Future Work
8.2.1 Ion-conductive porous substrates for addressing spacer channel resistances in MCDI
Transmission line models for fitting EIS data signaled that further reduction in IEM’s ASR values
would lead to diminished improvements in MCDI energy efficiency and further gains in energy
efficiency necessitates addressing spacer channel resistances. RWs deployed as porous ion121

conductive substrates in RW-EDI highlighted that porous ionic conductors can address spacer
channel resistances in electrochemical separations. However, the RWs could not be adopted for
MCDI. Chapter 8 presented preliminary results of addressing spacer channel resistances in MCDI
by developing ionomer coated nylon spacer materials. The aerosolized deposition of ionomers on
Nylon resulted in stable, but still porous, woven fabric for MCDI. The ionomer coated nylon
displayed improved the deionization rate and lowered the energy consumption. The ionomer
coatings and properties have yet to be optimized but warrants further investigation for improving
MCDI performance. Further, alternative architectures, such as ion-conducting polymers grafted to
nylon should be considered. The ion-conducting brushes would be less than 5 nm thick and prevent
obfuscation of bulk fluid flow while still augmenting ionic conductivity.
8.2.2 Water-dissociation catalysts in resin wafer fabrication
Upon inspecting the water splitting characteristics of the ionomer binder based RWs, it was found
that increasing the concentration of bipolar junction sites in RWs through CER RW with AEI
marginally improved water-splitting kinetics. However, as shown in Chapter 5, when the water
splitting kinetics were compared to that of bipolar membranes, the RWs were found to display
large overpotentials due to the absence of water-dissociation catalyst. Further improvements in
water splitting characteristics were made by a modification of RW design – Janus type resin wafer
that features cation-exchange resin on one side and anion-exchange resins on the other,
implementing Al(OH)3 nanoparticles as catalyst at the junction between the AER and CER. These
Janus type resin wafers with a water-dissociation catalyst were tested and found to show enhanced
water splitting in comparison to mixed type RWs due to its pre-polarizing effect.109 These newly
designed wafers with improved water splitting can be extended for niche applications in
deionization such as organic acid capture and recovery and removal of silica from water. In both
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of the latter applications, the formation of hydroxide ions from water-splitting creates an alkaline
environment that ionizes organic acids through deprotonation and then the organic acid can be
removed through ion-exchange, and the hydroxide ions can ionize silica to silicate that can remove
the silicate anions through ion-exchange.
8.2.3 Addressing cell cyclability in thermally regenerative batteries
As observed from the results in Chapter 6, the next steps in improving TRBs using ammoniacopper redox couples necessitates addressing the poor Faradaic efficiency of the anode and the
charge-transfer resistances for both electrodes. The drastic improvement in AFB performance has
made this TRB platform competitive for waste-heat recovery. But, demonstration with a combined
distillation unit and cycling stability is required to make this technology a serious alternative to
TEGs.
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Appendix. 1H-NMR Spectra for Polymer Characterization
a)

b)

c)

Figure A.1. Characterization of synthesized membranes 1H NMR spectra of a) BrPPO, b.)
QAPPO, and c.) SPEEK.
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1

H-NMR was performed to determine the degree of functionalization (DF) of bromine at

the aryl and benzyl positions for BrPPO polymer. The DF was calculated using equations A1 and
A2. The conversion of bromine at the benzyl position to quaternary benzyl trimethylammonium
was determined using equations A3 to A5. Additionally, the IEC of QAPPO (in the chloride form)
was determined using equation A6. Calculated values of DF of bromine to the benzyl position was
0.33 to 0.35 and the DF value to the aryl position was 0.06 to 0.10. The conversion of bromomethyl
benzyl groups to quaternary benzyl trimethylammonium was 100% and the IEC calculated was
2.1 mmol g-1.
𝐷𝐹𝐵𝑟 𝑡𝑜 𝐵𝑒𝑛𝑧𝑦𝑙 =
𝐴𝑟𝑒𝑎 (𝛿=4.3)𝐶𝐻2 𝐵𝑟 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡
𝐴𝑟𝑒𝑎 (𝛿≈ 6.4−7.0)𝑃𝑃𝑂 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡 +2×𝐴𝑟𝑒𝑎 (𝛿≈6.0−6.4)𝐴𝑟𝑦𝑙 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡

𝐷𝐹𝐵𝑟 𝑡𝑜 𝐴𝑟𝑦𝑙 =

2×𝐴𝑟𝑒𝑎 (𝛿≈6.0−6.4)𝐴𝑟𝑦𝑙 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡
𝐴𝑟𝑒𝑎 (𝛿≈ 6.4−7.0)𝑃𝑃𝑂 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡 +2×𝐴𝑟𝑒𝑎 (𝛿≈6.0−6.4) 𝐴𝑟𝑦𝑙 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡

Area

cation substituent
Conversion = Ratio∙DF
∙Area
benzyl

(δ ≈3.7 to 3.8)

PPO substituent (δ)

AreaPPO substituent (δ) = Area(δ = 6.6 − 7.3) + 2 ∙ Area (δ = 6.0 − 6.4)
Ratio =

#of Protons for cation substituent

<A1>

<A2>

<A3>
<A4>
<A5>

#of protons for PPO substituent

Determining IEC of QAPPO AEM in the chloride form
IEC [mmol g −1 ] =
DFbenzyl ·1000∙Conversion
(MWPPO,monomer +DFbenzyl ∙(MWcation +MW−CH2− +MWchloride −1)+DFaryl ∙(MWbromide −1)

<A6>
Theor. IEC = theoretical ion-exchange capacity of PPO AEMs in the chloride form (mmol g-1)
DFbenzyl = Degree of functionalization of bromine to the benzyl position of PPO
DFaryl = Degree of functionalization of bromine to the aryl position of PPO
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MWPPO, monomer = Molecular weight of PPO repeat unit (g mol-1)
MWcation = Molecular weight of the cation site (g mol-1)
MWchloride = Molecular weight of the chloride ion (g mol-1)
MWbromide = Molecular weight of the bromide ion (g mol-1)
MW-CH2- = Molecular weight of the methyl bridge connecting cation to the PPO backbone (g
mol-1)
The degree of sulfonation (DS) was determined using equation A7. Equation A8 calculated
the IEC from the degree of sulfonation. The DS was 0.60 and the calculated IEC in the sodium
form for SPEEK CEM was 1.8 mmol g-1.
4∙Area(δ=7.5)

DS = Area(δ≈7.65 to 8.1)
IEC [mmol g −1 ] = (MW

<A7>
DS·1000
PEEK,monomer +DS∙(MWSO3 +MWsodium −1)

DS = Degree of sulfonation to PEEK
MWPEEK, monomer = Molecular weight of PEEK repeat unit (g mol-1)
MWsodium = Molecular weight of the sodium ion (g mol-1)

126

<A8>

a)

b)

c)

Figure A.2. Characterization of synthesized ionomers a)1H NMR spectra of CMPSf. b) 1H NMR
spectra of QAPSf.
127

References
1. U.S. Department of energy. The Water-Energy Nexus: Challenges and Opportunities.
(2014).
2. Owusu, P. A. & Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability
issues and climate change mitigation. Cogent Eng. 3, 1167990 (2016).
3. The United Nations world water development report 2015: water for a sustainable world.
122 (2015).
4. Porada, S., Zhao, R., van der Wal, A., Presser, V. & Biesheuvel, P. M. Review on the
science and technology of water desalination by capacitive deionization. Prog. Mater. Sci.
58, 1388–1442 (2013).
5. Anderson, M., Cudero, A. & Palma, J. Capacitive deionization as an electrochemical means
of saving energy and delivering clean water. Comparison to present desalination practices:
Will it compete? ELECTROCHIMICA ACTA 55, 3845–3856 (2010).
6. Ayers, R. S. & Westcot, D. W. Water quality for agriculture. (Food and Agriculture
Organization of the United Nations, 1985).
7. Choi, Y.-J. et al. Toward a combined system of forward osmosis and reverse osmosis for
seawater desalination. Desalination 247, 239–246 (2009).
8. Voros, N., Maroulis, Z. B. & Marinos-Kouris, D. Optimization of reverse osmosis networks
for seawater desalination. Comput. Chem. Eng. 20, S345–S350 (1996).
9. Shannon, M. A. et al. Science and technology for water purification in the coming decades.
Nature 452, 301–310 (2008).
10. Tado, K., Sakai, F., Sano, Y. & Nakayama, A. An analysis on ion transport process in
electrodialysis desalination. Desalination 378, 60–66 (2016).
11. Tanaka, Y., Ehara, R., Itoi, S. & Goto, T. Ion-exchange membrane electrodialytic salt
production using brine discharged from a reverse osmosis seawater desalination plant. J.
Membr. Sci. 222, 71–86 (2003).
12. Helfferich, F. G. H. Strathmann, Ion-exchange membrane separation processes (Membrane
science and technology series, vol. 9), Elsevier, Amsterdam (2004) ISBN 044450236-X.
ResearchGate 42, 101–101 (2005).
13. Kim, Y. & Choi, J. Enhanced desalination efficiency in capacitive deionization with an ionselective membrane. Sep. Purif. Technol. 71, 70–75 (2010).

128

14. Palakkal, V. M., Rubio, J. E., Lin, Y. J. & Arges, C. G. Low-Resistant Ion-Exchange
Membranes for Energy Efficient Membrane Capacitive Deionization. ACS Sustain. Chem.
Eng. 6, 13778–13786 (2018).
15. Zhao, R., Biesheuvel, P. M. & Wal, A. van der. Energy consumption and constant current
operation in membrane capacitive deionization. Energy Environ. Sci. 5, 9520–9527 (2012).
16. Zhang, Y., Srimuk, P., Aslan, M., Gallei, M. & Presser, V. Polymer ion-exchange
membranes for capacitive deionization of aqueous media with low and high salt
concentration. Desalination 479, 114331 (2020).
17. Tang, W., Kovalsky, P., Cao, B., He, D. & Waite, T. D. Fluoride Removal from Brackish
Groundwaters by Constant Current Capacitive Deionization (CDI). Environ. Sci. Technol.
50, 10570–10579 (2016).
18. Zheng, X.-Y., Pan, S.-Y., Tseng, P.-C., Zheng, H.-L. & Chiang, P.-C. Optimization of resin
wafer electrodeionization for brackish water desalination. Sep. Purif. Technol. 194, 346–354
(2018).
19. Długołęcki, P. & van der Wal, A. Energy recovery in membrane capacitive deionization.
Environ. Sci. Technol. 47, 4904–4910 (2013).
20. Alvarado, L. & Chen, A. Electrodeionization: Principles, Strategies and Applications.
Electrochimica Acta 132, 583–597 (2014).
21. Johnson, I., Choate, W. T. & Davidson, A. Waste Heat Recovery. Technology and
Opportunities in U.S. Industry. https://www.osti.gov/biblio/1218716-waste-heat-recoverytechnology-opportunities-industry (2008) doi:10.2172/1218716.
22. He, W. et al. Recent development and application of thermoelectric generator and cooler.
Appl. Energy 143, 1–25 (2015).
23. Rojas, J. P. et al. Review—Micro and Nano-Engineering Enabled New Generation of
Thermoelectric Generator Devices and Applications. ECS J. Solid State Sci. Technol. 6,
N3036–N3044 (2017).
24. Hu, R. et al. Harvesting Waste Thermal Energy Using a Carbon-Nanotube-Based ThermoElectrochemical Cell. Nano Lett. 10, 838–846 (2010).
25. Vining, C. B. An inconvenient truth about thermoelectrics. Nat. Mater. 8, 83–85 (2009).
26. Zhu, X., Kim, T., Rahimi, M., Gorski, C. A. & Logan, B. E. Integrating ReverseElectrodialysis Stacks with Flow Batteries for Improved Energy Recovery from Salinity
Gradients and Energy Storage. ChemSusChem 10, 797–803 (2017).

129

27. Wang, W. et al. A bimetallic thermally regenerative ammonia-based battery for high power
density and efficiently harvesting low-grade thermal energy. J. Mater. Chem. A 7, 5991–
6000 (2019).
28. Rahimi, M., D’Angelo, A., Gorski, C. A., Scialdone, O. & Logan, B. E. Electrical power
production from low-grade waste heat using a thermally regenerative ethylenediamine
battery. J. Power Sources 351, 45–50 (2017).
29. Rahimi, M. et al. Emerging electrochemical and membrane-based systems to convert lowgrade heat to electricity. Energy Environ. Sci. 11, 276–285 (2018).
30. Dupont, M. F., MacFarlane, D. R. & Pringle, J. M. Thermo-electrochemical cells for waste
heat harvesting – progress and perspectives. Chem. Commun. 53, 6288–6302 (2017).
31. Kumar, S. & Jain, S. History, Introduction, and Kinetics of Ion Exchange Materials. Journal
of Chemistry https://www.hindawi.com/journals/jchem/2013/957647/ (2013)
doi:https://doi.org/10.1155/2013/957647.
32. Progress in Filtration and Separation. (Elsevier, 2015). doi:10.1016/C2009-0-64471-8.
33. Advances in Batteries for Medium and Large-Scale Energy Storage. (Elsevier, 2015).
doi:10.1016/C2013-0-16429-X.
34. Chemical Engineering. (Elsevier, 2002). doi:10.1016/C2009-0-25733-3.
35. Chen, H. & Wang, L. Technologies for Biochemical Conversion of Biomass | ScienceDirect.
(2016).
36. Zeng, L., Zhao, T. S., Wei, L., Jiang, H. R. & Wu, M. C. Anion exchange membranes for
aqueous acid-based redox flow batteries: Current status and challenges. Appl. Energy 233–
234, 622–643 (2019).
37. Lee, H., Yanilmaz, M., Toprakci, O., Fu, K. & Zhang, X. A review of recent developments
in membrane separators for rechargeable lithium-ion batteries. Energy Environ. Sci. 7, 3857–
3886 (2014).
38. Fu, K. (Kelvin) et al. Flexible, solid-state, ion-conducting membrane with 3D garnet
nanofiber networks for lithium batteries. Proc. Natl. Acad. Sci. (2016)
doi:10.1073/pnas.1600422113.
39. Pan, S.-Y., Snyder, S. W., Ma, H.-W., Lin, Y. J. & Chiang, P.-C. Development of a Resin
Wafer Electrodeionization Process for Impaired Water Desalination with High Energy
Efficiency and Productivity. ACS Sustain. Chem. Eng. 5, 2942–2948 (2017).
40. Pivovar, B. Advanced Ionomers & MEAs for Alkaline Membrane Fuel Cells. 29
https://www.hydrogen.energy.gov/pdfs/progress16/v_c_7_pivovar_2016.pdf (2016).
130

41. Merle, G., Wessling, M. & Nijmeijer, K. Anion exchange membranes for alkaline fuel cells:
A review. J. Membr. Sci. (2011).
42. Tanaka, Y. Ion-Exchange Membrane Electrodialysis for Saline Water Desalination and Its
Application to Seawater Concentration. Ind. Eng. Chem. Res. 50, 7494–7503 (2011).
43. Strathmann, H. Ion-Exchange Membrane Separation Processes. (Elsevier, 2004).
44. Sata, T. Ion Exchange Membranes. (2004).
45. Meng, H., Peng, C., Song, S. & Deng, D. Electro-regeneration mechanism of ion-exchange
resins in electrodeionization. Surf. Rev. Lett. 11, 599–605 (2004).
46. Prifti, H., Parasuraman, A., Winardi, S., Lim, T. M. & Skyllas-Kazacos, M. Membranes for
Redox Flow Battery Applications. Membranes 2, 275–306 (2012).
47. Rahimi, M. et al. Improved electrical power production of thermally regenerative batteries
using a poly(phenylene oxide) based anion exchange membrane. J. Power Sources 342, 956–
963 (2017).
48. Zhang, F., Liu, J., Yang, W. & Logan, B. E. A thermally regenerative ammonia-based
battery for efficient harvesting of low-grade thermal energy as electrical power. Energy
Environ. Sci. 8, 343–349 (2015).
49. Kim, T., Rahimi, M., Logan, B. E. & Gorski, C. A. Evaluating Battery-like Reactions to
Harvest Energy from Salinity Differences using Ammonium Bicarbonate Salt Solutions.
ChemSusChem 9, 981–988 (2016).
50. Zhu, X., Rahimi, M., Gorski, C. A. & Logan, B. A Thermally‐Regenerative Ammonia‐Based
Flow Battery for Electrical Energy Recovery from Waste Heat. ChemSusChem 9, 873–879
(2016).
51. Ho, T., Kurup, A., Davis, T. & Hestekin, J. Wafer Chemistry and Properties for Ion Removal
by Wafer Enhanced Electrodeionization. Sep. Sci. Technol. 45, 433–446 (2010).
52. Pan, S.-Y., Snyder, S. W., Ma, H.-W., Lin, Y. J. & Chiang, P.-C. Energy-efficient resin
wafer electrodeionization for impaired water reclamation. J. Clean. Prod. 174, 1464–1474
(2018).
53. Lin, Y. J., Henry, M. P. & Snyder, S. W. Electronically and ionically conductive porous
material and method for manufacture of resin wafers therefrom. (2008).
54. Shen, C., Wycisk, R. & Pintauro, P. N. High performance electrospun bipolar membrane
with a 3D junction. Energy Environ. Sci. 10, 1435–1442 (2017).

131

55. Yan, Z. et al. The balance of electric field and interfacial catalysis in promoting water
dissociation in bipolar membranes. Energy Environ. Sci. 11, 2235–2245 (2018).
56. Unlü, M., Zhou, J. & Kohl, P. A. Hybrid polymer electrolyte fuel cells: alkaline electrodes
with proton conducting membrane. Angew. Chem. Int. Ed Engl. 49, 1299–1301 (2010).
57. Bauer, B., Gerner, F. J. & Strathmann, H. Development of bipolar membranes. Desalination
68, 279–292 (1988).
58. Strathmann, H., Rapp, H.-J., Bauer, B. & Bell, C. M. Theoretical and practical aspects of
preparing bipolar membranes. Desalination 90, 303–323 (1993).
59. Zhang, F., LaBarge, N., Yang, W., Liu, J. & Logan, B. E. Enhancing Low-Grade Thermal
Energy Recovery in a Thermally Regenerative Ammonia Battery Using Elevated
Temperatures. ChemSusChem 8, 1043–1048 (2015).
60. Rahimi, M., Kim, T., Gorski, C. A. & Logan, B. E. A thermally regenerative ammonia
battery with carbon-silver electrodes for converting low-grade waste heat to electricity. J.
Power Sources 373, 95–102 (2018).
61. Sijabat, R. R., de Groot, M. T., Moshtarikhah, S. & van der Schaaf, J. Maxwell–Stefan
model of multicomponent ion transport inside a monolayer Nafion membrane for intensified
chlor-alkali electrolysis. J. Appl. Electrochem. 49, 353–368 (2019).
62. Grew, K. N. & Chiu, W. K. S. A Dusty Fluid Model for Predicting Hydroxyl Anion
Conductivity in Alkaline Anion Exchange Membranes. J. Electrochem. Soc. 157, B327
(2010).
63. Fimrite, J., Struchtrup, H. & Djilali, N. Transport Phenomena in Polymer Electrolyte
Membranes: I. Modeling Framework. J. Electrochem. Soc. 152, A1804 (2005).
64. Lu, J., Wang, Y.-X. & Zhu, J. Numerical simulation of the electrodeionization (EDI) process
accounting for water dissociation. Electrochimica Acta 55, 2673–2686 (2010).
65. Mani, K. N. Electrodialysis water splitting technology. J. Membr. Sci. 58, 117–138 (1991).
66. Newman, J. & Thomas-Alyea, K. E. Electrochemical Systems. (John Wiley & Sons, 2012).
67. Lakshminarayanaiah, N. Counterion transference numbers in ion-exchange membranes. J.
Phys. Chem. 73, 97–102 (1969).
68. EPA. Monitoring and Assessing Water Quality - Volunteer Monitoring | Monitoring &
Assessment | US EPA. United States Environmental Protection Agency
https://archive.epa.gov/water/archive/web/html/index-18.html.

132

69. Qu, Y. et al. Energy consumption analysis of constant voltage and constant current
operations in capacitive deionization. Desalination 400, 18–24 (2016).
70. Wang, L. & Lin, S. Membrane Capacitive Deionization with Constant Current vs Constant
Voltage Charging: Which Is Better? Environ. Sci. Technol. 52, 4051–4060 (2018).
71. Kumar, A. & Ramani, V. Strong Metal–Support Interactions Enhance the Activity and
Durability of Platinum Supported on Tantalum-Modified Titanium Dioxide Electrocatalysts.
ACS Catal. 4, 1516–1525 (2014).
72. Lee, J.-Y., Seo, S.-J., Yun, S.-H. & Moon, S.-H. Preparation of ion exchanger layered
electrodes for advanced membrane capacitive deionization (MCDI). Water Res. 45, 5375–
5380 (2011).
73. G. Arges, C., Parrondo, J., Johnson, G., Nadhan, A. & Ramani, V. Assessing the influence of
different cation chemistries on ionic conductivity and alkaline stability of anion exchange
membranes. J. Mater. Chem. 22, 3733–3744 (2012).
74. Wang, Z., Parrondo, J. & Ramani, V. Polystyrene-Block-Poly(ethylene-ran-butylene)-BlockPolystyrene Triblock Copolymer Separators for a Vanadium-Cerium Redox Flow Battery. J.
Electrochem. Soc. 164, F372–F378 (2017).
75. US Department of Energy. The Water-Energy Nexus: Challenges and Opportunities.
https://www.energy.gov/under-secretary-science-and-energy/downloads/water-energynexus-challenges-and-opportunities (2014).
76. Fritz, P. A., Zisopoulos, F. K., Verheggen, S., Schroën, K. & Boom, R. M. Exergy analysis
of membrane capacitive deionization (MCDI). Desalination (2018)
doi:10.1016/j.desal.2018.01.026.
77. Biesheuvel, P. M. & van der Wal, A. Membrane capacitive deionization. J. Membr. Sci. 346,
256–262 (2010).
78. Ahn, H.-J. et al. Nanostructured carbon cloth electrode for desalination from aqueous
solutions. Mater. Sci. Eng. A 449–451, 841–845 (2007).
79. Xu, X. et al. Facile synthesis of novel graphene sponge for high performance capacitive
deionization. Sci. Rep. 5, 8458 (2015).
80. Lee, J.-B., Park, K.-K., Eum, H.-M. & Lee, C.-W. Desalination of a thermal power plant
wastewater by membrane capacitive deionization. Desalination 196, 125–134 (2006).
81. Omosebi, A., Gao, X., Landon, J. & Liu, K. Asymmetric Electrode Configuration for
Enhanced Membrane Capacitive Deionization. ACS Appl. Mater. Interfaces 6, 12640–12649
(2014).

133

82. Lee, J.-Y., Seo, S.-J., Yun, S.-H. & Moon, S.-H. Preparation of ion exchanger layered
electrodes for advanced membrane capacitive deionization (MCDI). Water Res. (2011).
83. Kim, Y.-J. & Choi, J.-H. Improvement of desalination efficiency in capacitive deionization
using a carbon electrode coated with an ion-exchange polymer. Water Res. (2010).
84. Gaikwad, M. & Balomajumder, C. Polymer coated Capacitive Deionization Electrode for
Desalination: A mini review. Electrochem. Energy Technol. 2, (2016).
85. Jung, Y. et al. Enhanced Electrochemical Stability of a Zwitterionic-Polymer-Functionalized
Electrode for Capacitive Deionization. ACS Appl. Mater. Interfaces 10, 6207–6217 (2018).
86. Roelofs, S. H. et al. Capacitive deionization on-chip as a method for microfluidic sample
preparation. Lab. Chip 15, 1458–1464 (2015).
87. Fabregat-Santiago, F., Garcia-Belmonte, G., Bisquert, J., Zaban, A. & Salvador, P.
Decoupling of Transport, Charge Storage, and Interfacial Charge Transfer in the
Nanocrystalline TiO2/Electrolyte System by Impedance Methods. J. Phys. Chem. 106 (2),
334–339 (2001).
88. Arar, Ö., Yüksel, Ü., Kabay, N. & Yüksel, M. Various applications of electrodeionization
(EDI) method for water treatment—A short review. Desalination 342, 16–22 (2014).
89. Mahmoud, A., Muhr, L., Grévillot, G., Valentin, G. & Lapicque, F. Ohmic drops in the ionexchange bed of cationic electrodeionisation cells. J. Appl. Electrochem. 36, 277–285
(2006).
90. Arora, M. B., Hestekin, J. A., Lin, Y. J., Martin, E. J. S. & Snyder, S. W. Porous solid ion
exchange wafer for immobilizing biomolecules. (2007).
91. Nikonenko, V. V. et al. Desalination at overlimiting currents: State-of-the-art and
perspectives. Desalination 342, 85–106 (2014).
92. Sata, T. Ion Exchange Membranes. (2004). doi:10.1039/9781847551177.
93. Pan, S.-Y., Snyder, S. W., Ma, H.-W., Lin, Y. J. & Chiang, P.-C. Development of a Resin
Wafer Electrodeionization Process for Impaired Water Desalination with High Energy
Efficiency and Productivity. ACS Sustain. Chem. Eng. 5, 2942–2948 (2017).
94. Wang, J., Wang, S. & Jin, M. A study of the electrodeionization process — high-purity water
production with a RO/EDI system. Desalination 132, 349–352 (2000).
95. Xu, T., Yang, W. & He, B. Water dissociation phenomena in a bipolar membrane. Sci. China
Ser. B Chem. 42, 589–598 (1999).

134

96. McDonald, M. B. & Freund, M. S. Graphene Oxide as a Water Dissociation Catalyst in the
Bipolar Membrane Interfacial Layer. ACS Appl. Mater. Interfaces 6, 13790–13797 (2014).
97. Iurash, C. A., Nikonenko, V. V., Pismenskaya, N. D., Zabolotsky, V. I. & Volodina, E. I.
Dependence of salt and water ion fluxes through ion-exchange membranes under
electrodialysis on the ion-exchange bed composition. Desalination 124, 105–113 (1999).
98. Zhang, L. et al. Copper Foam Electrodes for Increased Power Generation in Thermally
Regenerative Ammonia-Based Batteries for Low-Grade Waste Heat Recovery. Ind. Eng.
Chem. Res. 58, 7408–7415 (2019).
99. Lee, S. W. et al. An electrochemical system for efficiently harvesting low-grade heat energy.
Nat. Commun. 5, 1–6 (2014).
100. Wang, W., Shu, G., Tian, H. & Zhu, X. A numerical model for a thermally-regenerative
ammonia-based flow battery using for low grade waste heat recovery. J. Power Sources 388,
32–44 (2018).
101. Tuan Le, X., Hao Bui, T., Viel, P., Berthelot, T. & Palacin, S. On the structure–properties
relationship of the AMV anion exchange membrane - ScienceDirect. J. Membr. Sci. 340,
133–140 (2009).
102. Beverskog, B. & Puigdomenech, I. Revised Pourbaix Diagrams for Copper at 25 to
300°C. J. Electrochem. Soc. 144, 3476–3483 (1997).
103. EL-Bourawi, M. S. et al. Application of vacuum membrane distillation for ammonia
removal. J. Membr. Sci. 301, 200–209 (2007).
104. Mohanty, A. D., Ryu, C. Y., Kim, Y. S. & Bae, C. Stable Elastomeric Anion Exchange
Membranes Based on Quaternary Ammonium-Tethered Polystyrene-b-poly(ethylene-cobutylene)-b-polystyrene Triblock Copolymers. Macromolecules 48, 7085–7095 (2015).
105. Bian, Y. et al. Using activated carbon fiber separators to enhance the desalination rate of
membrane capacitive deionization. Desalination 381, 95–99 (2016).
106. Liang, P., Zhou, S., Yang, X., Yuan, L. & Huang, X. Microbial desalination cells with
ion exchange resin packed to enhance desalination at low salt concentration - ScienceDirect.
Water Res. 47, 2523–2530 (2013).
107. Bian, Y. et al. Using activated carbon fiber separators to enhance the desalination rate of
membrane capacitive deionization. Desalination 381, 95–99 (2016).
108. Suss, M. E., Biesheuvel, P. M., Baumann, T. F., Stadermann, M. & Santiago, J. G. In Situ
Spatially and Temporally Resolved Measurements of Salt Concentration between Charging
Porous Electrodes for Desalination by Capacitive Deionization. Environ. Sci. Technol. 48,
2008–2015 (2014).
135

109. Jordan, M. L. et al. Promoting water-splitting in Janus bipolar ion-exchange resin wafers
for electrodeionization. Mol. Syst. Des. Eng. (2020) doi:10.1039/C9ME00179D.

136

Vita
Varada Menon Palakkal was born in Calicut, India. She graduated with a Bachelors’ in Chemical
Engineering from National Institute of Technology, Calicut. Her research work on nanocomposite
thin film reverse osmosis membranes for desalination, as a summer research fellow at Ben Gurion
University, Israel motivated her to pursue a PhD degree at Louisiana State university. During her
PhD, she worked on projects on polymer functionalization and membrane development, finding
applications in electrochemical technologies such as electrodeionization, redox-flow batteries and
membrane capacitive deionization at the Arges Laboratory in collaboration with Argonne National
Laboratory, Illinois. Besides research, she enjoys traveling, singing, and reading.

137

